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Multiple wave energy devices supported by a common structure represent one pos-
sible method of eciently converting ocean wave energy into electricity. In this study,
experimental measurements of multiple small-scale wave energy devices are reported
to assist the development and validation of numerical models. Through observation
and measurement, the response of two oat geometries subjected to a range of wave
conditions and device settings were determined. A range of regular wave conditions
were identied that caused a linear relationship to occur between the heave displace-
ment amplitude of the oat and the incident wave amplitude. These test cases will
enable comparisons to be made with linear simulations of response. Tests conducted in
various wave conditions have highlighted the capability of altering the device response
by changing the equilibrium draft of one oat geometry. Additional damping on the
upper surface of the oat, due to wave overtopping, could be exploited as a method of
limiting the heave response of the device in large amplitude waves.
The inuence of hydrodynamic interactions on arrays of closely spaced devices has
been experimentally investigated for devices subjected to regular and irregular wave
conditions. The magnitude and occurrence of interactions and their aect on the indi-
vidual device response is demonstrably dependent on the incident wave frequency and
device separation distance. Compared to an isolated device, positive interactions result
in higher average power outputs for an array of devices at certain wave frequencies.
Positive interactions occuring at particular wave frequencies are balanced by negative
interactions at other wave frequencies, in agreement with published numerical studies
of array performance. Varying the level of mechanical damping applied to the oat
through the power take-o system results in a frequency shift of the calculated power
transfer function and alters the motion path of the oat. This nding implies that the
level of generator torque could be used as an alternative method to tune the response
of the device based on the measured incident wave-eld.
Several time-averaged and time-varying approaches to simulating the response of a
wave energy device subjected to wave-eld forcing and undergoing free response have
been studied. By comparing the simulated and measured responses, the feasibility of
using linear and non-linear force terms in a time-varying model has been assessed. In
general, single degree-of-freedom simulations based on linear hydrodynamic parameters
tend to over-predict device response amplitudes, requiring the application of additional
damping. The simulation approach which resulted in the closest agreement with mea-
sured responses required the combination of linear diraction force and radiation added
mass terms with non-linear drag and buoyancy force terms, as well as body inertia and
gravity forces. This approach goes part way to simulating the complex time-varying
hydrodynamics associated with a wave energy device subjected to wave-eld forcing.
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Nomenclature
αD, αE Drive shaft acceleration: disengaged; engaged
β Angle of wave incidence
η Surface elevation
θd, θf Angular displacement: drive shaft; oat pulley shaft
λ Multiplication factor
ρ Fluid density
σ2 Variance
τD, τE, τb, τfr Torque: disengaged; engaged; bearing; friction
τm, τmax, τp Torque: drive shaft; maximum; oat pulley shaft
φn Wave-eld phase component
ϕn Wave-eld force phase component
ωn Wave-eld angular frequency component
ωd, ωf , ωmax, ωmin, ωrate Angular velocity: drive shaft; oat pulley shaft; drive
maximum; drive minimum; rated
A Cross sectional water plane area
A33, A33,a Added mass: Radiation heave; additional
a, aw Radius: oat; wetted
am, an, anom, arq Amplitude: measured; wave-eld component; nominal;
required
C Wave phase velocity
C1, C2 Steady-state determination weighting constants
Cd, Cm Coecient: drag; inertia
Cwg Wave gauge calibration constant
c1−4 Polynomial coecients
D Float diameter
d Flume still water depth
d1−4 Flat-bottomed oat section heights
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|dz| Response amplitude ratio
E, Eh Energy absorbed: measured; harmonic
f , f1, f3, fint, fn Frequency: regular wave; surge natural; heave natural;
instantaneous; wave-eld component
fnom, fo, fp, fpen, fs Frequency: nominal; oat oscillation; peak wave-eld;
pendulum natural; sampling
Fbuoy, Fc, Fd, Fdamp, Fex Force: buoyancy; counterweight; diraction; damping;
excitation
Fin, Finw, Fkz, Fres, Fs Force: inertia; wave-eld inertia; vertical
Froude-Krylov; residual; scattered
g Acceleration due to gravity
gt Gradient of the upper inclined surface of the
at-bottomed oat
Hs Signicant wave height
h Float height
IA, IAD, IAE , Ifr, Igen Current: assist; assist disengaged; assist engaged;
equivalent friction; motor load
Ig, Ir, Iv Indice: gradient; resultant; variance
JD, JE, Jf , Jm, Jp Inertia: disengaged; engaged; ywheel; motor; pulley
K Wavenumber
KC Keulegan-Carpenter number
kT Motor torque constant
L Wavelength
Mtot Total mass
m0 Zero mean variance
mc, md, mf , mt Mass: counterweight; displaced; oat; tether
Nd Number of devices
n Wave-eld nth component
P , PA, Ph, PI, Piw Absorbed power: measured; array device; harmonic;
isolated device; irregular wave-eld
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Pmax, Prate, Prw, Pw Power: maximum absorbed; rated; regular wave-eld
absorbed; available regular wave
pdyn Dynamic pressure surrounding the immersed surface of
the oat
qcm, qm, qrm Interaction factor: column averaged; array averaged;
row averaged
R, Ra, Rm, Rtot Damping: Radiation; additional; mechanical; total
radiation
rp, rs Radius: pulley; oat stem
S(f) Spectral density
sx, sy Array device separation distance: x-axis; y-axis
T , TE, To, Tp Period: regular wave; clutch engaged; oat oscillation;
peak irregular wave
t Time
Uwg, Uh, Um, Uw Velocity: wave group; harmonic oat; measured oat;
instantaneous vertical wave-eld
V , V1−4 Volume: immersed; sectional oat
vwg Wave gauge voltage
wi Weighting factor
x, xm Horizontal oat displacement: measured; amplitude
y0 y-axis crossing of wave gauge calibration trend line
z¨, z˙ Float heave: acceleration; velocity
z, zm, zp Vertical oat displacement: measured; measured
amplitude; predicted amplitude
zeq, zimm Draft: equilibrium; immersion
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Chapter 1
Introduction
1.1 General Background
There has been a recent revival in renewable energy research which was initially driven
by the 1970s oil crisis. The sharp increase in the unit price of oil in the 1970s drove the
development of wind and solar technologies toward commercial viability. Theoretical
studies of wave devices identied the fundamental principles of wave energy extraction
and the scale of the wave energy resource [16, 35, 30]. However by the 1980s wave
energy converter (WEC) designs were still largely undeveloped [56]. The recent second
`wave' of interest in renewable energy is driven by a mixture of political, economic and
social demands.
The 2009 Climate Conference in Copenhagen was designed to provide an interna-
tional framework of agreement for climate change mitigation and to supersede the Ky-
oto Protocol which is due to expire in 2012. One outcome of the 2009 conference is the
UK commitment to reduce domestic carbon emissions by at least 33% by 2020, which
will be increased if the European Union achieves a 20% reduction [43]. Negotiations
since have resulted in a total of 139 countries expressing support for the Copenhagen
Accord, which requires supporters to list proposed actions to tackle climate change
1
.
Collectively, supporters will also provide $30 billion of short-term funding to help de-
veloping countries adapt to the impacts of climate change. The UK Renewable Energy
Strategy, part of the EU Energy Directive, stipulates that 15% of electricity demand
must be generated from renewable sources by 2020 [44].
Electricity generated from ocean waves could provide a signicant contribution to
UK, EU and global energy demand and emission reduction. In terms of wave energy,
the practical oshore resource has been estimated to be 50 TWh/year [42], although
technological developments over the last 25 years may increase this value. A total of 2
GW of wave and tidal energy capacity has been planned by 2020 and 30 GW by 2050;
1
United Nations Framework Convention On Climate Change (2010). Copenhagen Accord. Re-
trieved from: http://unfccc.int [Date Accessed: 01-10-2010].
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the former target
2
is equivalent to more than 5% of the present average electricity
demand in England, Wales and Scotland
3
.
Compared to the wind turbine industry, wave energy is still in its infancy, with
no single design clearly superior in terms of power capture capabilities, survivability
and economic viability. This is surprising considering that the concept of producing
electricity from ocean waves is over 200 years old. One of the rst practical systems
able to produce 1 kW of power was developed by Bochaux-Praceique in France in 1910
[45]. Whilst many designs have been proposed which illustrate the broad range of
dierent possibilities, few are currently operational. Heaving point absorber devices,
which form the focus of this study, tend to share the same principal components. A
buoyant, or partially buoyant oating body is connected to a power take-o system
which is driven as the body oscillates in response to wave excitation. Moored devices
(for example: Wavebob
4
, OPT Powerbuoy
5
, Aquabuoy, Pelamis and AWS [4, 24, 87])
dier in design from devices supported by a xed or oating platform (for example:
Wave Star Energy
6
, Trident
7
, FO
3
Buldra
8
and Manchester Bobber [73]). Wave energy
absorption is not limited to bodies moving in heave, with pitching devices (for example
SEAREV [84]) and surging devices (for example Oyster
9
pitches as an approximation
to surge) currently in development. Further information regarding each design can be
found on the respective company websites and in various review publications [34, 41].
Although there are a few examples of grid connected wave energy devices [34], instal-
lations of device arrays are planned. Both investor and developer condence is likely
to be boosted by the recent announcement that ¿3-4 billion will be invested by 2020
in ten wave and tidal energy projects to be located in the Pentland Firth and waters
surrounding the Orkney Islands
10
. The projects will have a total installed capacity of
1.2 GW, comprising 600 MW split evenly between wave and tidal energy generation
11
.
2
The Engineering Technologies Institute (2009). ¿8m Marine Project Announced. Retrieved from
http://www.energytechnologies.co.uk [Date Accessed: 20-09-10].
3
National Grid Plc (2010). Metered Total Gross System Demands across England, Wales and
Scotland: 1st September 2009 to 31st August 2010. Retrieved from http://www.nationalgrid.com
[Date Accessed: 20-09-10].
4
Gigaom (2009). Wave Power Funding: Ireland's Wavebob Raises Interim Round. Retrieved from
http://gigaom.com [Date Accessed: 18-08-10].
5
Newnet (2010). OPT Powerbuoy completes rst wave energy device grid connection. Retrieved
from http://www.newenergyworldnetwork.com [Date Accessed: 18-08-10].
6
Danish Maritime Magazine. (2010). Good news from Wave Star. Retrieved from
http://www.danishmaritimemagazine.com [Date Accessed: 11-10-2010].
7
New Energy Focus (2009). Delay for Suolk wave energy trial as device overturns. Retrieved
from http://www.newenergyfocus.com [Date Accessed: 07-08-2010].
8
SEEWEC Project (2009). Sustainable Economically Ecient Wave Energy Converter. Retrieved
from http://www.seewec.org [Date Accessed: 07-08-2010].
9
Renewable Energy Focus (2009). Wave energy device Oyster launched. Retrieved from
http://www.renewableenergyfocus.com [Date Accessed: 13/09/10].
10
The Scottish Government (2010). Wave and tidal power plans unveiled. Retrieved from
http://www.scotland.gov.uk [Date Accessed 01-04-10].
11
The Crown Estate (2010). World's First Wave and Tidal Energy Leasing Round to Power up to
Three Quarters of a Million Homes. Retrieved from http://www.thecrownestate.co.uk [Date Accessed:
18-08-2010].
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The potentially hazardous nature of an oshore location presents many challenges
in terms of wave energy converter design, implementation and maintenance. Wave-
induced forces tend to be large and distributed over a range of frequencies and head-
ings, resulting in low velocity device motions. The incident wave conditions are site
dependent and can vary in energy content from small amplitude waves to large am-
plitude storm seas. As a result, there are two main requirements for a wave energy
converter design:
1. To ensure an economically viable consistency of supplied power, the system must
have an operating range that covers the majority of the prevailing energy resource
available at the site.
2. The survivability of the system in both the short and long-term are paramount
to reduce system downtime. Long-term damage due to fatigue or failure caused
by salt water corrosion are both design and maintenance issues for which preven-
tative measures can be taken. Short-term damage due to the occurrence of large
amplitude wave cycles is possible; the rogue wave recorded o of the Norwegian
Draupner platform in the North Sea in 1995 is a pertinent example [90].
As well as satisfying performance and survivability requirements, the wave energy con-
version system must have low ratio of capital cost (related to peak design loads) to
operating cost (related to average operating loads) [9]. Whilst care must be taken
to avoid an over-engineered design solution, one possible reason for the slow pace of
WEC development could be the past failure of several systems due to storm damage
12
.
Arrays of wave energy devices supported by a common structure represent one possible
approach to reduce capital and operating costs while increasing the power output of
multiple devices. Examples of wave energy systems with a common support structure
include the FO
3
Buldra, Wave Star Energy and Manchester Bobber on which this study
is based.
The design of viable marine energy devices requires a coupled approach of numerical
and experimental testing at a range of model scales. It is only through the comparison
of high quality data from both approaches that a better understanding can be gained
of the complex hydrodynamic processes involved and their scalability. This incremen-
tal approach will ultimately assist industry in the development of cost-eective and
survivable full-scale marine energy systems.
12
ABC News (2010). Huge swell sinks wave energy generator. Retrieved from
http://www.abc.net.au [Date Accessed: 01-07-2010].
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1.2 Wave Energy Research
1.2.1 Performance in Operating Conditions
A number of early studies quantied the theoretical performance of a single wave energy
device in regular wave conditions using linear hydrodynamic wave theory [16, 23, 32].
Initially, the numerical studies were based on two-dimensional hydrodynamic theory
and often compared to experimental tests conducted in narrow wave umes. Close
agreement between the experimentally measured and numerically predicted perfor-
mance of early device designs resulted in increased condence in the use of linear
theory to model regular wave operating conditions. For example the numerical and ex-
perimental studies conducted by Evans et al. [32], demonstrated that favourably large
conversion eciencies were achievable, with up to 100% of energy capture possible if the
motion of the device, moving in two modes of motion was controlled. Three-dimensional
numerical techniques were subsequently developed to account for the three-dimensional
behaviour of multiple devices.
Linear wave theory can be used to model the three-dimensional hydrodynamic wave
forcing on bodies subjected to small amplitude regular waves [36]. The motions of the
body and distribution of loads and hydrodynamic pressures over the submerged body
surface are of particular interest. Hydrodynamic parameters such as the scattered wave
force, radiation damping and radiation added mass can be solved in the frequency do-
main, using either a boundary integral method or boundary element method based
on potential ow theory. The theory accounts for rst-order eects of the submerged
portion of the body and assumes that the uid is incompressible and inviscid. Viscous,
non-linear hydrostatic and slamming eects are therefore not accounted for in the calcu-
lation. To solve the governing equations of potential ow theory, Green's functions can
be employed to satisfy boundary conditions at the body surface, the free surface and
the sea bed. The result is a linearised solution based on linearised boundary conditions,
in which the uid potential is decomposed into diraction and radiation components
and small amplitude motion is assumed. For a single axisymmetric body oscillating in
heave, it can be assumed that the ow-eld will exhibit axial symmetry if the uid is
unbounded along both horizontal axes. Several reviews of analytical methods based
on linear theory were conducted using simple body geometries by Mei [61] and Eatock
Taylor and Zietsman [29].
Capture width is often used as a measure of the power absorbed by a device from
the available wave energy. Theoretical maxima based on the point absorber approx-
imation ([30, 35]) provide a useful upper limit for optimal device performance [59].
Optimum performance is possible if the oscillation velocity of the oat is in phase with
the wave excitation force and the mechanical damping and radiation damping of the
device are equal [36]. Various control strategies have been proposed in order to achieve
optimum performance: including slow tuning; suboptimal latching control and optimal
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reactive control. Slow tuning of the device to the incident wave-eld can be achieved
by changing the stiness or mass of the system [88]. Alternatively, latching control is
a suboptimal method to match the phase of the oat oscillation velocity with the wave
excitation force [13]. The feasibility of more complex techniques using ideal conjugate
control have also been investigated [37]. However, optimum performance may require
large displacements far beyond the capabilities of the device which could violate the
assumptions of linear theory and also result in slamming [27]. In reality, device motions
would have to be restrained or controlled to avoid system damage and reduce unwanted
motion modes [31].
McIver [59] and Thomas and Evans [81] simulated the performance of a line of
ve spherical devices with optimal unconstrained motions using the plane-wave and
point absorber approximations respectively. The performance of the same devices with
motion limits equal to two and three times the incident wave amplitude was reduced
for certain wavenumbers. However, the simulated performance was higher than for the
same number of isolated devices undergoing unconstrained motions. Individual device
control has also been proposed as a method of increasing the overall power output of
the array. De Backer et al. [26] found that by constraining either the device displace-
ment, control force or slamming motions, the unequal distribution of optimal power
absorption across an array of twelve devices was reduced. Optimising the level of me-
chanical damping applied to each device or the mass of each oat can also result in a
net increase in the level of power absorbed by the array [11].
1.2.2 Response in Extreme Conditions
In extreme wave conditions such as storms, the priority for the system will be surviv-
ability instead of performance eciency. The response of a device in wave conditions
such as these is likely to exceed the small amplitude limits assumed in simulations
which use linear wave theory. Therefore, non-linear techniques have to be used to
simulate large amplitude responses as these cannot be successfully modelled using con-
ventional linearised methods. To date, research into this area of oshore engineering
has received less attention than studies involving wave energy devices in operating con-
ditions. Sophisticated non-linear time domain methods such as Computational Fluid
Dynamics (CFD), including Smoothed Particle Hydrodynamics (SPH), can be used to
model extreme responses and problems involving slamming, overtopping and breaking
waves.
Recently, Drake et al. [28] simulated the response of a cone subjected to a Gaus-
sian wave packet using a linear and several non-linear methods. It was found that the
non-linear simulations produced free-surface elevations and induced forces that were
in closer agreement with experimental measurements than the linear simulations. De-
tailed numerical and experimental analysis of a horizontal cylinder moving through
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a free surface is reported [40]. In the study, a simple numerical model based on an
immersion dependent slamming coecient was compared to a more complex model
with fully non-linear boundary conditions that account for non-linearities at the free
surface. Close agreement between the two simulations was generally not found due to
the complexity of the ows involved. However, some of the experimentally observed
features of the free surface were simulated with the more complex model, including
wave breaking and jet formations. Westphalen et al. [94] provide comparisons between
a number of CFD simulations and experimental results for a xed horizontal cylinder
subjected to regular waves, and a oating cone subjected to a large amplitude wave
group. Whilst these are both powerful techniques, they have only recently been applied
to wave energy devices (for example [19, 94]) and so there is a denite need to verify the
simulated responses with experimental measurements. Given the level of detail possi-
ble with CFD approaches, simulations using these techniques can be computationally
expensive [64]. Hence there is a requirement for less detailed, non-linear time domain
methods to simulate device response. In the context of wave energy devices, there
are very few published studies of extreme wave loading which include experimentally
measured responses [73].
1.2.3 Hydrodynamic Interactions with Structures
A xed or oating structure comprising a number of surface piercing elements will
experience hydrodynamic interactions that will dier from the wave-eld forcing ex-
perienced by a solitary body [33, 16, 81]. At certain wave frequencies, interactions
can inuence the dynamic response of the structure through the enhancement of wave-
induced forces. Interactions can occur between two closely spaced xed bodies, the
dimensions of which are substantial relative to the incident wavelength. A linear in-
cident wave propagating towards one body will be scattered as it impacts the body,
producing a wave that impinges on the second body. Depending on the phases of the
incident and scattered waves, the combination of these two waves will result in the en-
hancement or reduction of wave-induced forces on each body compared to an isolated
body. The resultant wave-eld is therefore governed by the incident wave frequency,
the separation distance between each body and the body diameter. In the context of
harmonic incident waves, if the ratio of the body diameter (D) to the incident wave-
length (L) is greater than 0.2, then the wave forcing is in the diraction regime because
wave scattering by the body is signicant. To place this ratio in context, a body of
diameter D = 10 m would cause scattering of the incident wave-eld for regular wave
periods less than T = 5.6 s. If the bodies are free to oscillate (i.e. in response to
wave-eld excitation), they will also each produce a radiated wave-eld that will prop-
agate radially outward if the body is heaving. The hydrodynamic force experienced
by multiple oating bodies in close proximity is therefore dependent on the combined
inuence of the incident, scattered and radiated wave-elds. The possibility of wave
force and surface elevation enhancement occurring has very serious implications for the
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design of oshore structures.
A number of mathematical approaches have been developed to simulate hydro-
dynamic interactions with xed structures and oating bodies. Panel or boundary
element methods are used to solve the velocity potential for rigid bodies able to move
in multiple degrees of freedom. Research into wave and force enhancement was initially
focused on arrays of xed structural elements, such as cylinders. For an array of four
cylinders, Evans and Porter reported forces of up to 54 times the force on an isolated
cylinder [33]. Kagemoto et al. [48] studied trapped modes within arrays of truncated
columns, using a numerical model based on potential ow interaction theory [49]. The
model was applied to a row of fty columns in regular waves, separated by a centre-
to-centre distance equal to s = 4a, where a is the column radius. A Neumann trapped
mode with wave elevations over ten times the incident wave amplitude was simulated
in the middle of the array at Ks = 0.69, in agreement with the work of Maniar and
Newman [57]. Here, K is the wavenumber based on linear dispersion theory. Such large
surface elevations were not experimentally measured, with maximum values reaching
3.5 times the incident wave amplitude close to the front of the array.
The development of very large oating structures (VLFS) with multiple buoyancy
elements has received a lot of interest in recent years. Column-supported, rather than
pontoon-supported structures are relevant to this study. Wave force modication and
the presence of trapped modes were numerically simulated and experimentally observed
for a runway design by Kashiwagi in [51, 52]. Large surface elevations in the middle of
the array of up to four times the incident wave amplitude were simulated at Ks = 1.24,
but measured elevations were lower - approximately 2.5 times the incident wave ampli-
tude. In an eort to reduce elastic deformations of a long runway structure, Murai et
al. [63] compared the simulated response of column and pontoon-supported structures.
For a 4 x 4 column-supported structure, large displacements of up to seven times the
incident wave amplitude were calculated at Ks = 0.7 for a column in the middle of the
array. Rectangular arrays of closely spaced wave energy devices are likely to have sim-
ilar body separation distances (for example, sx = sy = 4a) to the structures considered
for oating runways. The response of multiple independent devices will dier from the
response of constrained buoyancy elements of a oating structure. However, in both
cases near-trapping and other hydrodynamic interactions are possible in certain wave
conditions and are therefore of interest to wave energy device developers.
1.2.4 Wave Energy Array Interactions in Regular Waves
Large surface elevations and wave forces caused by hydrodynamic interactions are usu-
ally detrimental to structures such as oating runways. Such mechanisms could be
exploited to increase the power output of multiple, closely spaced wave energy convert-
ers. A number of studies have been published concerning the behaviour of arrays of
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oating bodies due to regular wave-eld forcing, but Budal et al. [16] was perhaps the
rst to address energy absorption from arrays of wave energy devices. Independently,
Evans [30] and Falnes [35], derived the `point absorber approximation' to maximise
power absorption in regular waves. The approximation was made by summing the
mean rate of work by Nd devices from wave-induced forces, taking into account the
energy lost to radiated waves. Studies using the point absorber theory suggested that
considerable enhancement of power absorption was possible for linear arrays at certain
body spacing to wavelength ratios. Performance enhancement was later experimentally
demonstrated by Budal et al. [18]. Perhaps the most important simplication that the
point absorber approximation makes is that the physical dimensions of the device are
suciently small compared to the incident wavelength for the device to be classed as
a weak scatterer. Waves scattered by each device are therefore neglected from the hy-
drodynamic interaction calculations, and wave-eld forcing for each device is assumed
to be identical to an isolated device. Falnes and Budal [38] found that by using this
simplication, it was possible to achieve close agreement with more detailed studies
of device radiation parameters even for high body diameter to device-spacing ratios.
However, this assumption fails when the wavelength approaches the device spacing as
wave scattering becomes signicant.
The `plane-wave approximation' was developed by Simon [69] in an attempt to
accurately model wave interactions between bodies, extending the point absorber ap-
proximation. At wide body spacings, Simon demonstrated that radially scattered or
radiated waves that are suciently far from a structure, can be locally approximated
as plane waves, thus allowing calculations to be simplied. After some modication
to arrays of oating cylindrical bodies, a comparison with the point absorber approx-
imation was made by McIver and Evans [60], who found that the plane-wave method
works well for Ks > 1. More detailed analysis of array hydrodynamic interactions is
possible if scattering from multiple devices is accounted for in the calculation; as is the
case with multiple scattering theory [58] and boundary element method (BEM) codes
such as WAMIT [91].
Interaction factor (q) is a ratio relating the performance of an array of devices to the
same number of widely spaced or isolated devices. A factor greater than unity states
that the power output of the array is positively inuenced by the hydrodynamic inter-
actions between the devices. Conversely, a factor less than unity indicates the negative
inuence of hydrodynamic interactions. Various numerical studies have quantied the
eect of altering the incident wave frequency, angle of wave incidence or array layout
on interaction factors [59, 81, 39]. All three quantities will either positively or nega-
tively inuence the power captured by the array. For example, high levels of positive
interaction for certain angles of wave incidence (β) are usually balanced by negative
interactions at other angles. The early experimental work by Budal et al. [18] agrees
well with point absorber theory, in that as the device spacing approaches the wave-
24
length, interaction factor q increases linearly towards pi. Babarit et al. [6] reported
the interaction eects on two heaving cylindrical devices in a head seas array (β = 0◦)
separated by a range of distances and subjected to dierent wave frequencies. The
calculated power outputs suggest that interaction eects increase as the device separa-
tion distance is reduced, with a non-monotonous relationship existing between device
power output and separation distance. Moving away from the widely studied rectilin-
ear array layouts, Fitzgerald and Thomas [39] used non-linear optimisation techniques
to determine optimum array congurations with individual motion constraints based
on Thomas and Evans [81]. Recently, Child and Venugopal compared the application
of genetic algorithm and parabolic intersection techniques to determine the optimum
layout of devices in an array [22]. Drawing on the earlier work reported in [81], the
authors in [39] and [22] note the apparent similar dependence of array performance on
the angle of wave incidence. This was also reported by McIver [59] and Falnes and
Budal [38] for various device spacings.
Although it would seem that all positive interactions should be exploited for opti-
mum power absorption, it may be more advantageous to design wave energy systems in
such a way that negative interaction eects are minimised. McIver [59] found that the
negative interactions occuring for an equally spaced array at certain wave conditions
could be made positive by using unequal device spacings. Conversely, when subjected
to other wave conditions, substantial reductions in interaction factors occurred for the
unequally spaced array. Despite the occurrence of both positive and negative inter-
actions, Budal and Falnes have suggested that a net increase in absorbed power is in
fact possible for certain array congurations [17]. Instead of reporting average array
performance, only a few of the published studies to date have investigated the spatial
variation of performance across arrays of devices. Independently Babarit et al. [6] and
Child and Venugopal [21] simulated power output attenuation for a head seas array
comprising two devices at incident wave frequencies close to the peak response. In [6]
it was found that interaction eects were stronger on the front device compared to
the second device for close separation distances. Body displacement attenuation was
not simulated by Thomas and Evans [81] for a head seas array with several device
separation distances. However, symmetrical responses were reported for the ve opti-
mally controlled devices in a beam seas array conguration. In both head and beam
seas cases, large body displacement amplitudes above 3.0 were simulated for particular
devices at close separation distances (Ks < 6.0).
1.2.5 Wave Energy Array Interactions in Irregular Waves
The response of a harmonically oscillating device subjected to harmonic wave con-
ditions can be simulated using linear techniques. Whilst this analysis can be used
to benchmark device performance, true regular wave conditions are rarely measured
in reality. Instead, irregular sea states are composed of many harmonics, which will
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usually lead to device responses which are dissimilar to steady-state regular wave re-
sponses of equivalent amplitude and frequency. Superposition can be applied to each
frequency component of an irregular wave-eld to yield a linear prediction of the total
uid force acting on the body. To date only a few studies have been published con-
cerning the performance of wave energy arrays in irregular wave-elds, and most of
this analysis has been numerical. Power output smoothing by using arrays of devices
has been numerically simulated by Thorburn and Leijon [83] and Tissandier et al. [84].
Although this research has shown how the size of the array can aect power output
variability, large device spacings were used, allowing the analysis to be simplied by
ignoring the inuence of device radiation and scattering on interactions. For example
the device spacings used in [83], assuming the body radius listed in [14] range from
8a ≤ s ≤ 32.7a. For closely spaced array congurations of the order sx = sy = 4a
as studied here, scattering will be signicant and both the radiation force and excita-
tion force will dier from the forces associated with an isolated body. Similarly the
wide spacing requirement of the plane wave theory is not fullled except for very short
wavelengths.
Boundary element methods have been developed to determine the time-averaged
performance of multiple devices in close proximity. Taghipour and Moan used the
commercial boundary element code WAMIT to simulate the coupled mode response and
power output of 21 heaving oats supported by the oating FO
3
Buldra platform [76].
Numerical simulations of oating body response in irregular wave-elds have been con-
ducted by the spectral summation of regular wave responses, assuming that the device
has reached a steady state for each wave condition [26]. The validity of linear pre-
dictions based on this approach is unclear except in the unique case of optimal device
response. Frequency dependent hydrodynamic parameters from BEM simulations have
been implemented in time-varying models using impulse response functions. Examples
of time domain methods which have adopted this approach are reported by Taghipour
et al. for the response of a container vessel [77] and by Babarit et al. for wave energy
converter response [6]. Time domain predictions such as these are representative, pro-
vided that body motions are small (and so within the limits of linear wave theory) and
non-linear hydrodynamic forces are known.
1.2.6 Wave Energy Research at the University of Manchester
Wave energy research commenced at the University of Manchester in 2003 with initial
studies conducted on aspects of the proposed Manchester Bobber wave energy device
which comprises a closely spaced array of heaving oats (Stansby, Williamson and
Jenkins [75]). Experimental studies of the response of a single 1:100 scale oat were
carried out at the University and of a single 1:10 scale oat at NaREC (Stansby, [74]).
These studies informed the development of engineering designs for a full-scale wave en-
ergy device by several companies including Oshore Design Engineering, ABB, Royal
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Haskoning, Renold Gear and Renold Chain and motivated further research on array
interactions, power take-o control and the environmental impacts of wave energy ex-
traction. The research reported in this Thesis concerns an experimental study of the
response and power output of both individual devices and devices within closely spaced
arrays. The range of array congurations, device parameters and wave conditions stud-
ied herein greatly expand on preliminary measurements of array interactions reported
by Stallard et al. [72]. The experiments were conducted using multiple small-scale
(1:70) wave energy device models each of which comprises a torque-control hardware
system to compensate for mechanical friction. This control system was developed
specically for this application by Brown and Williamson [15]. Over the same period
as this experimental study (2007 onwards), numerical predictions of the response and
power output from an array of devices were conducted by Bellew et al. (née Thomas,
see [82] and Chapter 6) who has shown that the average power output from an array
can be enhanced by specifying dierent mass or damping levels for each oat [10]. The
average and time-varying power outputs of an individual oat were analysed by Lok
et al. [55] and the torque-control system employed in this study was further devel-
oped to investigate alternative electrical control systems [54]. The same experimental
equipment has also been employed by Alexandre et al. [2] to quantify the transforma-
tion of wave spectra due to energy extraction and hence assess the inuence of wave
energy farms on nearshore wave conditions [3]. Related studies at the University of
Manchester concern the numerical simulation of oating body responses to extremely
non-linear wave conditions using Smooth Particle Hydrodynamics [64]. This Thesis
and the parallel PhDs conducted since 2006 hence contribute to understanding the
interactions that occur within arrays of wave devices during operation and the design
of wave devices for extremely severe `design wave' conditions.
1.3 Summary
Over the last four decades there has been considerable interest and research into de-
vices capable of converting ocean wave energy into electrical power. The majority of
the research has been numerical, in which simulations based on linear wave theory
have been used to determine the theoretical performance of several wave energy con-
verter designs. Such simulations are valid in operating wave conditions as long as small
motion amplitude limits are not exceeded. For the system to be cost eective, there
is a performance requirement to generate electricity in the prevailing energy resource
available at the site. Equally important is the survivability of the device in large wave
amplitude and storm conditions. As linear wave theory cannot be used to model these
wave conditions, more complex time domain models are required to simulate the result-
ing non-linear responses. Generally, few examples exist of the experimental verication
of linear and non-linear simulations of wave energy device response.
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For wave energy to be commercially competitive, devices will have to be installed
in large numbers in array layouts or `farms'. Previous research has demonstrated
that hydrodynamic wave interactions occur when multiple wave energy devices in close
proximity are subjected to propagating waves. The magnitude and occurrence of in-
teractions are both dependent on the incident wave frequency, angle of wave incidence
and separation distance between the devices. The majority of research related to ar-
rays of wave energy devices has been numerical and limited to interactions occuring
in regular waves. Boundary element methods based on linear wave theory have been
used to simulate the response of multiple devices; assuming small amplitude device
motions. There is a requirement to determine the suitability of using frequency de-
pendent hydrodynamic parameters to simulate non-optimal devices operating beyond
the small amplitude limits assumed by linear methods. Similarly, there is a need to
identify which non-linear parameters are important to model the system. It remains
unclear whether the prediction of irregular wave energy device response using super-
position is accurate for non-optimal device responses. Therefore one aim of this study
is to evaluate the accuracy of response predictions based on these approaches using
experimental measurements.
In the next section, the way in which this Thesis will address the issues raised in
this chapter will be outlined.
1.4 Thesis Outline
The main two objectives of this study are: a) to improve understanding of the eect
of the hydrodynamic interactions between heaving wave devices in both regular and
irregular wave operating conditions; and b) to determine the response of an isolated
device subjected to design conditions involving large amplitude waves.
Chapter 2: Experimental Equipment
Firstly, the small-scale wave energy converter model used in this study is introduced
and its operation is described. The experimental equipment and measurement proce-
dures are outlined, including the wave conditions generated in the ume. Frequency
and time domain-based data analysis techniques used to post-process the recorded data
are also introduced.
Chapter 3: Baseline Tests of an Isolated Device
An experimental approach is employed to quantify the variation of response of an
isolated device with wave frequency and wave amplitude. A range of regular wave con-
ditions are used to identify which conditions cause responses comparable to numerical
simulations based on linear theory. To determine the eect of placing multiple identical
devices in an array, the level of power output for the isolated device is also quantied.
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Using a combination of measured data and video footage, motion paths are identied
and oat excursions quantied in heave-, pitch- and surge. The device is also subjected
to irregular and focused wave-elds to determine responses to realistic sea states and
storm events.
Chapter 4: Undamped Array
The mechanically undamped motions of multiple devices in several closely spaced array
layouts are studied to determine the inuence of the hydrodynamic interactions occur-
ing between the devices. An array comprising ve round-ended oats is subjected to
a range of regular wave conditions in the head and beam seas directions, and the re-
lationship between the response of adjacent devices is reported. An array comprising
two dierent geometry oats is subjected to similar regular wave conditions. The sep-
aration distance between the devices is varied from three to six times the device radius
to determine the inuence of device spacing on hydrodynamic interactions. The same
devices are also subjected to an irregular wave-eld to quantify the eect of hydrody-
namic interactions in realistic sea states.
Chapter 5: Damped Array
The response and average power output of a head seas array comprising four identical
devices subjected to regular and irregular wave conditions are quantied. Using the iso-
lated device average power outputs reported in Chapter 3, comparisons are made with
the performance of devices in the array using interaction factors. The column array is
extended with two adjacent columns, and the twelve devices are subjected to similar
wave conditions to determine the eect of array size on device performance. The spa-
tial variation of interaction factors is investigated and time-series analysis conducted
for several incident wave frequencies and oat immersion drafts. To assist the devel-
opment of numerical models, the performance of the non-linear power take-o system
used in this study and a theoretical system based on harmonic forcing are quantied
and compared.
Chapter 6: Prediction
The suitability of using frequency domain-based simulations based on linear theory is
determined through the use of experimental measurements. Several frequency and time
domain approaches based on measured regular wave responses are used to estimate the
time-varying irregular wave-eld response of an isolated device and array of two de-
vices. A single degree-of-freedom time domain model is introduced and the inclusion of
experimentally derived and numerically calculated parameters in the model is assessed.
Simulations of device response are conducted for several test cases including free decay
and regular and irregular wave-eld forcing.
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Chapter 2
Experimental Equipment
In combination with the University of Manchester's wide wave ume, feasibility and
behavioural studies of a 1:70 scale model of a wave energy device concept called the
`Manchester Bobber' were carried out. In this chapter the equipment and experimen-
tal methods that were used are introduced. A detailed description of the small-scale
dynamometer model is given, including its operation and the calibration process em-
ployed. This is then followed by details regarding the two oat geometries used, their
respective hydrostatic and hydrodynamic properties and the various combinations of
oat and counterweight masses tested. Wave generation equipment and measurement
processes are introduced along with the various array layouts of multiple devices tested
in the ume. Finally, the time and frequency domain methods of data analysis utilised
in this study are outlined.
2.1 The Model
The Manchester Bobber is designed to be deployed either in isolation or as part of
an array of closely spaced devices. The concept was conceived by Stansby, Williamson
and Jenkins at the University of Manchester, with research and development work com-
mencing in 2003. A total of 25 small-scale models of the concept were built, comprising
a number of relatively simple mechanical components combined with a custom-made
control circuit board. The system is similar in some aspects to designs described in
[88, 78, 18] although diers in terms of mechanical restraint of the oat and the power
take-o system used. Through a linear geometric scale factor, the expected diameter
of the oat at full-scale (Dfs) is related to the diameter of the oat at laboratory scale
(Dss), such that:
λ =
Dfs
Dss
= 70 (2.1)
Based on this factor, Froude scaling is employed to determine physical quantities
(e.g. device power output), assuming that the ratio of inertia to gravity forces is the
same at both scales due to dynamic similarity [20]. Applying this theory to typical
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physical quantities associated with experimental analysis yields the multiplication fac-
tors listed in Table 2.1.
Quantity Unit Multiplication factor
Length m λ
Time s
√
λ
Velocity ms−1
√
λ
Acceleration ms−2 1.0
Mass kg λ3
Volume m3 λ3
Force N λ3
Power W λ3.5
Table 2.1: Multiplication factors associated with Froude scaling for various physical
quantities
2.1.1 Physical Components
Most of the small-scale model components are located above the surface of the water,
supported by a gantry structure. The only component in contact with water is a par-
tially immersed axisymmetric oat of radius (a; see Section 2.2.1). Referring to Figure
2.1, the oat of mass mf , is connected to a cable which is supported by two pulleys.
At the other end of the cable a counterweight of mass mc, applies an opposing force,
holding the cable taught and the oat at an equilibrium draft (zeq) in still water. Both
the oat and counterweight masses can be altered to adjust the draft (or immersion
depth of the oat), the heave (f3) and surge (f1) natural frequencies of the oscillating
system and the hydrodynamic characteristics of the oat. In Chapter 3 it will be seen
that even slight changes in these two masses can aect the response of the device. The
pulley nearest to the oat is joined to one side of a freewheel clutch by a shaft. On the
other side of the clutch there is a ywheel providing inertia to the rotating system. Via
a exible coupling, the ywheel is connected to a 12 VDC permanent-magnet motor.
For clarity, several components are not shown in Figure 2.1, including the control cir-
cuit board. A HEDS9000 quadrature encoder and HEDM 6120 T12 code wheel located
on each side of the clutch are used to read angular displacements of the pulley and
motor shafts (θf and θd respectively) to within 7.86 x 10
−4
rad.
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Figure 2.1: Schematic front and side views of the laboratory model with the axisym-
metric at-bottomed oat at equilibrium in still water (not to scale)
2.1.2 Operation
Changes in the water surface elevation cause the oat to move from its equilibrium
position. In gravity water waves the variation of induced water pressure with time
results in oat motions which are similar to the water particle orbits of an undisturbed
wave-eld. As the counterweight applies a restoring force to the oat via the cable,
these oscillatory motions are mainly limited to the vertical, heave direction (the z-axis
in Figure 2.1). The oat is permitted to move in surge which eliminates mechani-
cal friction experienced by strut supported systems [12]. Observed horizontal motion
amplitudes in surge (the x-axis) are typically less than one oat radius (xm < a),
meaning that the heave displacement of the oat (z) can be approximated using the
measured angular displacement of the oat pulley (θf) and the radius of the pulley (rp):
z ≈ θfrp (2.2)
Techniques for obtaining heave displacement amplitudes (zm) from measured displace-
ments are introduced in Section 2.4.2. In this study two system operational cases are
considered: mechanically undamped response in which the system comprises only the
oat, counterweight and low-friction pulleys; and mechanically damped response in
which energy is transferred to the drive components on the motor side of the clutch
during the descent of the oat. Referring to Figure 2.2(a), when the oat pulley torque
is greater than or equal to the torque on the motor side of the clutch (τp ≥ τm), the
clutch is engaged. In this connected state, the force induced by the oat descending
drives the rotating components on the motor side of the clutch and the angular ve-
locities of both sides are equal (ωf = ωd). If the oat pulley torque is less than the
drivetrain torque or of opposite sign, as happens when the oat is ascending, the clutch
is disengaged and the components on the motor side of the clutch are not driven. In
Figure 2.2(b) and (c) idealised oat motions caused by an arbitrary regular wave-eld
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are shown with resulting pulley and motor velocities. This example depicts clutch
engaged intervals (labeled 1, 3, 5 and 7) followed by periods of clutch disengagement
(intervals labeled 2, 4 and 6). When the clutch is disengaged, the angular velocity of
the drive reduces with time until the clutch is re-engaged. This deceleration is caused
by the torque of the components on the motor side of the clutch (τm) and friction
inherent in the rotating system (τfr). Further discussion regarding the quantication
of static mechanical friction will be covered in the next section.
Detailed explanatory text regarding the design, construction, implementation and
usage of the dynamometer control system have been reported by Brown [15] and Lok
[54], therefore a brief description of device operation is described here. Referring to the
static characteristic plots shown in Figure 2.2(d) and (e) the system has two operating
states. In order for the dynamometer to determine which state is applicable, angular
displacements of the encoder wheels on either side of the clutch are monitored by the
control circuit board at a rate of 20 Hz. During normal operation (ωd > ωmin) an assist
current (IA) is applied to the motor by the control system which results in a drivetrain
torque equal to τm = IAkT . Here, kT is a preprogrammed torque constant determined
from calibration during drive assembly. The assist current comprises a user-dened
motor load (Igen) and a current equivalent to static mechanical friction in the system
(Ifr).
To ensure that the value of applied current is correct, actual current across the
loading motor is monitored by the control system and adjusted continuously to match
the target value at a rate of 40 kHz. In this state the equivalent absorbed power is
calculated as P = τmωd. The maximum rated torque is related to the maximum rated
power and velocity of the drive, such that τmax = Pmax/ωmax. For the tests reported
in this study, the device is permitted to exceed the maximum rated power for veloci-
ties greater than ωmax. In a full-scale system the generator torque would be reduced
by additional current loading if ωmax was exceeded, to avoid damage to the system
(a possible scheme is shown as a dash-dotted line in Figure 2.2(d) and (e)). The dy-
namometer model has a second state for drive velocities below ωmin = 0.69 rad/s. To
avoid stalling the drive, the assist current is increased linearly until the net torque due
to both the drive and the friction in the system is equivalent to the target torque, such
that IA = Igenωd/ωmin + Ifr. In this state the equivalent absorbed power is calculated
as P = τmaxω
2
d/ωmin.
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Figure 2.2: (a) Freebody diagram of the clutch engaged and disengaged states. Idealised
time variation of (b) an incident wave surface elevation and resulting oat response
(black and red lines) and (c) oat pulley and drive angular velocities (red and blue
lines). Static characteristics of (d) motor torque and (e) applied motor current as
functions of drive angular velocity
2.1.3 Calibration
When testing multiple devices, in order to ensure that the measured response of each
device is comparable, it is important that each device has the same performance charac-
teristics if subjected to the same wave conditions. For the experiments reported in this
study, it is assumed that the physical dimensions of each oat are the same and that
identical oat and counterweight mass combinations are used for all devices in each
test. Although each dynamometer system is assembled from identical components and
programmed with the same programming architecture, dierences in mechanical fric-
tion must be accounted for. In this section, the process of calibrating each device to
ensure that a quantiable level of mechanical damping is applied is introduced. By
adopting this process, the individual performance of one device is comparable to mul-
tiple devices. Calibration of the non-linear dynamometer system also allows tests to be
conducted with zero mechanically damping applied to the oat. To illustrate the eect
of dierent levels of generator current applied to the motor, two measured velocity
cases are shown in Figure 2.3. The dierence in applied current between the two cases
(15 mA) is typical of the oset required to calibrate a device, illustrating the necessity
of device calibration prior to device testing.
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Figure 2.3: Time variation of measured oat pulley (red line) and ywheel (blue line)
angular velocities with a current equal to Igen = 0 mA applied to the motor. Also
shown are velocities for the same device with Igen = 15 mA applied to the motor (black
lines)
2.1.3.1 Calibration After Drivetrain Assembly
Each dynamometer system is calibrated in a two-stage process to ensure that mechan-
ical friction in each device is adequately compensated for. The rst stage is carried
out after drivetrain assembly before the device is tted to the support gantry above
the ume. It involves determining the motor torque constant kT : details for this pro-
cedure can be found in [15]. Experience suggests that the torque constant supplied by
the manufacturer
1
(for example kT = 0.0724 Nm/A) is conservative, with determined
values in the range 0.0776 Nm/A ≤ kT ≤ 0.0813 Nm/A. The level of static friction
in the rotating system as an equivalent current value (Ifr) is quantied with the clutch
engaged and disengaged. Inertia quantities are approximated based on the physical
dimensions and material of each rotating component; including the ywheel, motor
and oat support pulley (Jf = 3.85 x 10
−3 kgm2, Jm = 1.1 x 10
−5 kgm2 and Jp = 4.61
x 10−6 kgm2 respectively). Using these values the torque experienced by the entire
system can be calculated by measuring the deceleration prole of the system from a
given velocity, ωd = 20 rad/s (Figure 2.4(a)).
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Figure 2.4: Time variation of measured (a) angular velocities and (b) tted angular
accelerations of a drive decelerating in engaged and disengaged clutch states (red and
blue lines respectively). In (a) intervals over which a third-order polynomial curve is
tted to the angular displacement values are depicted as black lines. For this drive the
motor torque constant is equal to kT = 0.0790 Nm/A
1
Crouzet (2009). D.C. motors and geared motors from 1 to 11 W. Retrieved from
http://www.crouzet.com [Date Accessed: 24-05-09].
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Due to recorded noise in the measured angular displacement signal, which is ampli-
ed when the signal is dierentiated to determine drive velocities and accelerations, an
interval is selected which includes drive velocities below 20 rad/s. A third-order poly-
nomial curve is then tted to the displacement values within this window. Polynomial
coecients (c1−4) are used to determine tted velocity and acceleration proles which
are shown as black lines in Figure 2.4(a) and coloured lines in Figure 2.4(b), such that:
θ = c1t
3 + c2t
2 + c3t+ c4 (2.3)
ω = 3c1t
2 + 2c2t+ c3 (2.4)
α = 6c1t+ 2c2 (2.5)
A second-order polynomial curve is then tted to the calculated acceleration values
in order to characterise the deceleration of the drive over the selected time window. A
value of the assist current equivalent to this retardation is then calculated, depending
on whether the clutch: is engaged (IAE) with the oat support pulley permitted to
rotate; or disengaged (IAD) with the oat support pulley xed.
With the clutch engaged:
τE = αEJE
τE = τm + τp + τb
τm = αE(Jf + Jm + Jp)− τp − τb
IAE =
τE
kT
=
αEJE
kT
(2.6)
Where τb and τp are the bearing and pulley torques. With the clutch disengaged:
τD = αDJD = αD(Jf + Jm)
τD = τm + τfr + τb
IAD =
τD
kT
(2.7)
τfr = αD(Jf + Jm)− τm − τb
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Ifr =
τfr
kT
− IAD − IAE (2.8)
The resulting quantity of this process is Ifr; a value of current equivalent to static
friction in the system. The control circuit board is programmed with this value as an
oset to the applied current, in order to set IA = 0 as shown in Figure 2.2(e).
2.1.3.2 Calibration Before Each Test
Early experiments involving an array comprising nine devices with hemispherical-ended
oats highlighted the need for a second calibration stage to be carried out on a daily
basis before subsequent tests could be conducted. The requirement of this additional
step became apparent after comparing the average power outputs of devices across
array rows. Asymmetric performance of certain devices in outer columns was demon-
strated through average power output dierences of up to 80.3%, suggesting that the
particular devices in the array were not properly calibrated. This may be in part due to
the way in which the previous calibration process was conducted; without the typical
load experienced by the pulley support oat at equilibrium (i.e. resulting from the
sum of buoyancy, counterweight and oat forces). In addition, there was an apparent
variation of static friction with time, possibly due to uctuations in environmental
factors such as the ambient temperature and humidity. Another seemingly important
contributing factor was the level of drive usage, with greater use appearing to result
in reduced friction. This could have also been aected by the condition of the lubrica-
tion substance within the bearings and clutch and also the level of component corrosion.
The second calibration stage is shorter than the rst and can be carried out with
the devices in-situ in the ume. The aim of this procedure is to nd a repeatable user-
dened motor current load (Igen) which causes a gradual deceleration of the drivetrain
over an interval lasting t = 30 s. After comparison of dierent interval lengths, t =
30 s was selected for being an adequate representation of gradual deceleration of the
drivetrain from observation. With the oat pulley shaft held by the weight of the oat
and counterweight, the clutch is disengaged. The ywheel side of the system is rotated
in the clutch disengaged direction to a velocity above ωd = 9 rad/s. The rotating com-
ponents are then allowed to decelerate from 9 to 1 rad/s and the time taken for this
to occur is recorded. This process is repeated with several values of assisting current.
The assist current which results in deceleration from 9 rad/s to 1 rad/s over 30 s is
employed for the subsequent test. This value of assist current compensates for friction
in the drivetrain such that the oat response is essentially mechanically undamped.
From one calibration stage to the other, typical changes in assist current values up to
2 mA are equivalent to a power loss equal to 0.0017 W, equivalent to approximately
2% of the rated power of the device. As a result of using this method, the response of
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an individual device from tests involving the same wave conditions are repeatable and
comparable with the response of other devices (Figure 2.5).
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Figure 2.5: Time variation of measured oat pulley and ywheel angular velocities for
a device subjected to four repeat tests
2.2 Physical Properties of the Floats
For the majority of the tests reported in this study, two dierent oat geometries
were used. Both oats are axisymmetric with a similar overall radius, but have dier-
ent lower surface (base) and upper surface (top) geometries. The rst, a round-ended
cylinder is a widely-used geometry in oating body and wave energy research. The sec-
ond, a at-bottomed cylinder with inclined upper surface is unique to the Manchester
Bobber concept [73].
2.2.1 Float Geometries
Constructed from vacuum formed uPVC, the rst geometry used in this study is il-
lustrated in Figure 2.6(a). With a radius equal to a = 0.076 m and an overall height
equal to h1 = 0.13 m, it is not a true hemispherical-ended cylinder as the height of
the rounded-end does not match the oat radius (h2 6= a = 0.065 m). However, this
geometry is of similar proportions to the at-bottomed oat also used in the study
(a = 0.0717 m). Shown in Figure 2.6(b), with dimensions listed in Table 2.2, the
at-bottomed geometry comprises a gradual transition from the at base to the verti-
cal side to address potential viscous losses when oat velocities are high. Unlike the
round-ended cylinder, the oat geometry has a large cylindrical section to maximise
the range of motion which is similar to that of a cylinder, in order to simplify subse-
quent numerical comparisons. At the top of the oat, the geometry features a smaller
diameter cylinder. To join the two cylindrical sections, the upper surface of the oat
is inclined, providing additional damping if this portion of the oat is immersed. This
also provides a signicant change in the natural frequency of the oat for a small change
in mass, as discussed by Stallard et al. [73].
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Figure 2.6: Axisymmetric oat geometries used in experimental testing: (left) round-
ended and (right) at-bottomed
Float radius, a 0.0717 m
Stem radius, rs 0.024 m
Float height, h 0.165 m
d1 0.04 m
d2 0.085 m
d3 0.11 m
Table 2.2: Dimensions of the at-bottomed oat shown in Figure 2.6(b)
2.2.2 Masses
The two oat geometries were used with seven combinations of oat and counterweight
mass, the majority of which are associated with the at-bottomed oat (Table 2.3).
The last row refers to the round-ended oat geometry used for regular wave testing.
This number of mass combinations were used to determine what eect changes to the
equilibrium draft (zeq) and heave natural frequency (f3) of the oat have on device
response in a variety of incident wave conditions. Floats `FB1', `FB2', `FB3' and `FB8'
were used mainly for tests involving operating wave conditions where device power
output and response were studied. Floats `FB4', `FB6' and `FB7' were used to study
non-linear oat responses, including tests to determine device survivability in large
amplitude waves. A description of the method used to approximate the heave natural
frequency of each mass combination based on linear simulations is described in Section
2.2.4.
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Code zeq, m aw, m mf , kg mc, kg f3, Hz
FB1 0.05 0.0717 1.0 0.4 1.4
FB2 0.07 0.0717 1.58 0.6 1.2
FB3 0.035 0.0717 0.82 0.4 1.47
FB4 0.085 0.0717 1.58 0.4 1.25
FB6 0.11 0.048 1.74 0.4 0.81
FB7 0.11 0.048 1.58 0.24 0.86
FB8 0.04 0.0717 2.65 1.7 0.9
H1 0.065 0.075 1.2 0.4 1.46
Table 2.3: Float (mf) and counterweight (mc) mass combinations used for regular,
irregular and near-focused wave-eld testing with the at-bottomed oat geometry.
Immersion draft (zeq) and approximate wetted oat radius (aw) at equilibrium and
approximate heave natural frequency (f3: calculated assuming small amplitude motion)
are also listed for each mass combination
2.2.3 Float Hydrostatic Properties
As the dimensions of each oat shape are known, hydrostatic properties including the
vertical buoyancy force and hydrostatic stiness, can be calculated as a function of the
immersion depth (zimm). Derived formula for the immersed volume and surface area
of the round-ended and at-bottomed oats can be found in Appendix A. From the
immersed volume, the hydrostatic buoyancy force and stiness per 1 x 10−3 m of im-
mersion can be found, such that Fbuoy = ρgV , where g is the acceleration due to gravity,
and k = dFbuoy/dzimm. For incremental displacements, this equation reduces to a force
proportional to the water plane area of the oat [13, 73], such that k = ρgpia2
w
= ρgA.
Here aw is the water plane radius and A is the water plane cross sectional area. Calcu-
lated values of buoyancy force and hydrostatic stiness for three cylindrical geometries
are shown in Figure 2.7, which share the same major radius, a = 0.0717 m. It can be
seen that when the oat immersion is in the range 0 < zimm < d1, the hydrostatic sti-
ness of the at-bottomed oat is in-between that of a hemispherical and a plain-ended
cylinder. When the oat immersion is between 0 < zimm ≤ 0.116 m the same is true
for the hydrostatic force.
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Figure 2.7: Variation of calculated (a) buoyancy force and (b) hydrostatic stiness with
immersion depth for three oat geometries with the same major radius. Shown are the
at-bottomed geometry (black line), a hemispherical-ended cylinder (blue dash-dot
line) and a plain cylinder (red dashed line)
2.2.4 Float Hydrodynamic Properties
The proximity of the incident wave frequency (f), to the oat heave and surge natural
frequencies (f3 and f1 respectively) has a direct aect on the response of the oscillating
system. With any rotating or oscillating mechanism, when these two values are equal
(f ≈ f3 or f ≈ f1) large and potentially damaging oscillations result unless the system
is in some way damped or limited by an external control mechanism. Assuming small
amplitude response, the heave natural frequency of a system oscillating in water can
be estimated as:
f3 =
1
2pi
√
k
Mtot
=
1
2pi
√
k
mf +mc + A33(f)
(2.9)
In the above formulation Mtot, the total mass, comprises the body and counter-
weight masses (mf and mc) and a frequency-dependent added mass due to radiation
(A33(f)). This additional mass, arising from the inertia force required to displace water
particles in close proximity to the oat, can be estimated in two ways. In commercial
boundary element codes such as WAMIT [91], hydrodynamic forcing is determined by
solving a number of velocity potentials at panel locations over the immersed body sur-
face. The hydrodynamic quantities which have been used in this study were produced
from WAMIT simulations provided by Bellew [10]. For regular wave frequencies in the
range 0.5 Hz ≤ f ≤ 1.5 Hz, the radiation added mass for the at-bottomed oat varies
from A33(f) = 0.71 kg to 0.48 kg, resulting in heave natural frequencies in the range
1.38 Hz ≤ f3 ≤ 1.46 Hz (Figure 2.8(a) and (b)). Alternatively the added mass due to
radiation can be estimated from free response tests in still water (Figure 2.8(c) and (e))
by setting the oscillation frequency equal to the natural frequency. Taking the average
period of the oscillation and rearranging Equation 2.9 with instantaneous hydrostatic
values based on the immersed sections of the oat yields time-varying radiation added
mass values (Figure 2.8(d) and (f)). Over portions of the oscillation cycle, these val-
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ues are comparable with interpolated WAMIT radiation added mass values (dashed line)
which are based on a xed hydrostatic stiness (k = 158.66 N/m). When the oat is
initially submerged, the hydrostatic stiness is similar at t = 0 and 0.4 s, because the
water plane area of the oat is comparable at the maximum and minimum immersed
states.
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Figure 2.8: Variation of (a) heave radiation added mass and (b) oat heave natural
frequency with incident wave frequency calculated for the at-bottomed oat geometry
using WAMIT. Small amplitude motion is assumed with mf = 1.0 kg and mc = 0.4 kg.
Time variation of (c, e) oat displacement and (d, f) estimated radiation added mass
during mechanically undamped (c, d) drop and (e, f) rise tests, from elevated and
submerged starting positions. In (d) and (f) interpolated WAMIT radiation added mass
values using the mean oscillation period are shown as a dashed line
For heaving point absorber oats, the use of hemispherical or round-ended cylin-
ders could be advantageous in terms of hydrodynamically controlling the response of a
wave energy device. These geometries could be used to eliminate viscous losses caused
by sharp corners and reduce slamming pressures on the lower surface of the oat [27].
Quantication of the viscous losses on the lower edges of cylindrical structures has fea-
tured in oshore structure research [48, 80], particularly regarding the design of tension
leg platforms (TLP). Potentially higher uid velocities are expected for oating bodies
oscillating in waves.
42
2.3 Flume
The small-scale wave energy converter model was subjected to a variety of wave condi-
tions in the University of Manchester's wave ume. Originally built to study environ-
mental ows such as sediment transport, it has the capability of simulating a river or
tidal current up to 0.5 m/s. Although this study concerns propagating uni-directional
wave groups, it is possible to combine both propagating waves and current ow with
this facility. This is likely to be the subject of future research, as oshore locations
exist where both the action of tides and waves can be considerable. For example at the
European Marine Energy Centre (EMEC) tests sites surrounding the Orkney Islands,
UK [53].
The ume is 20 m long and 5 m wide and is lled with tap water (ρ = 1000 kg/m3) to
a water depth of d = 0.46 m. Eight Edinburgh Designs sector-carrier piston-type wave
paddles are located at one end, approximately 3.9 m from the isolated device datum
position which is located on the centreline of the ume (Figure 2.9(a)). At the other
end of the ume, approximately 18.3 m from the paddles, an energy absorbing beach
is located. In between the wave paddles and beach, the test area is located. This area
contains a gantry structure which supports up to nine capacitance-type wave gauges
and the small-scale devices. Not shown in Figure 2.9(a) are cables which run alongside
the ume connecting the device(s) and wave gauges to a National Instruments data
logger and power supply located close to the beach. Although only a single device is
pictured in Figure 2.9(a), there is sucient space in the ume for a rectangular array
comprising 25 devices separated by a centre-to-centre distance equal to s = 4a (Figure
2.9(b)). Measurements from tests involving up to twelve devices are reported in this
study.
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Figure 2.9: (a) Experimental arrangement of the wave ume; plan and side views.
Both views are not to scale. (b) View of a 5 x 5 array of devices installed in the ume
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2.3.1 Wave Generation System
The eight wave paddles situated in the ume are controlled by the Edinburgh De-
signs Ocean software [67]. Regular wave-elds and also irregular and near-focused
wave groups can be generated by creating *.sea les containing wave-eld parame-
ters. These are then converted into machine code commands, contained in *.wav les,
which are carried out by the paddles. As the machine code is generated, reference is
made to governing constants contained in the conguration and tank transfer function
les (*.cfg and *.ttf) including the clock rate, gain and phase modiers and channel
details. Wave constants are referenced from the *.d_W le, which includes the still wa-
ter depth and, if applicable, factors associated with JONSWAP and Pierson-Moskowitz
spectra. For regular wave-elds, *.sea les are created based on the well-known linear
dispersion relation [68]:
ω2 = gK tanh(Kd), (2.10)
where ω and K are the angular frequency and wavenumber of a propagating regular
wave. For irregular wave-elds, *.sea les are used to dene the time-varying motion
of the position controlled paddles through superposition:
η(t) =
n∑
i=1
an cos(ωnt+ φn), (2.11)
where an, ωn and φn are the amplitude, angular frequency and phase values of the
nth wave component. In theory any wave-eld can be created this way, as long as the
required paddle motions are within the limits dened by the manufacturer. Small-scale
representations of several sea spectra including the JONSWAP and Pierson-Moskowitz
plus the Bretschneider spectrum can be generated in the ume. Each are designed to
characterise sea states at various states of development and wind inuence. As the
Bretschneider spectrum was used for the majority of irregular wave tests carried out
in this study, it will be introduced here. It can be quantied in terms of the spectral
density S(f) as:
S(f) =
1
2
[arq(f)]
2 = 5m0
f 4p
f 5
exp
(
−1.25
(
fp
f
)4)
. (2.12)
The spectrum is dened by the peak frequency (fp) and the zero mean variance, or area
under the variance spectral density curve (m0). The zero mean variance is related to
the signicant wave height of the wave-eld, m0 = (Hs/4)
2
. The signicant wave height
can also be equated in terms of the amplitude of an equivalent regular wave-eld, such
that Hs = 2
√
2arq. Irregular wave-eld tests were conducted for at least t = 64 s. This
duration corresponds with the repeat time of the wave-eld generated in the ume,
based on the clock speed (clockspeed) and number of clock cycles (rnumber) within
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the Edinburgh Designs Ocean wave generation system (t = 2
rnumber
clockspeed
). The interval
length was selected as a compromise between maximising the length of the measured
surface elevation signal (for Fourier analysis) and in the absence of forced-feedback
paddles, minimising the inuence of reected waves from the beach.
2.3.2 Wave Measurement
Water surface elevations were measured at various locations in the ume using up to
nine parallel wire capacitance-type wave gauges. Fluid between the two vertical wires
of each gauge acts as a dielectric. Changes to the vertical level of the uid alter the
capacitance of the measuring circuit which are converted to voltage values by the wave
gauge control circuit. Over most of the length of each gauge the output voltage is
linearly proportional to the dielectric level. For each gauge this relationship was quan-
tied as a constant, determined by a series of still water tests typically carried out
before device testing. By recording the output voltage at several known gauge levels, a
calibration constant (Cwg) was calculated from the gradient of a rst-order line tted
to the data points. Time-varying surface elevations are therefore the product of the
constant and the measured voltage readings (vwg), such that η(t) = Cwgvwg + y0. In
subsequent analysis, the y−axis crossing of each trend line (y0) was used to oset the
measured values to provide zero crossing surface elevations.
As an example, it is clear that for wave gauges 1 and 5 there is a linear relationship
between the wave gauge voltage readings and the gauge levels over the entire 0.12 m
measuring length, with squared correlation coecients close to unity (Figure 2.10).
A linear relationship between the gauge level and the output voltage only exists for
wave gauge 4 (WG4) up to zwg = 0.1 m, with saturation or non-linearity of the gauge
suggested beyond this level. It is therefore important that the proximity of the data
points to the tted curve is assessed for each gauge, perhaps through scrutinising the
calculated squared correlation coecients. For this particular wave gauge in subsequent
tests, all of the measured wave amplitudes were well within the linear relationship range.
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Figure 2.10: Wave gauge voltage readings at several gauge immersion levels for gauges
1 (blue markers), 4 (green markers) and 5 (red markers). Fitted rst-order lines are
tted for each over all seven data points (dashed lines) and the rst six data points
(solid lines)
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2.3.3 Tested Wave Conditions
A variety of wave conditions can be generated in the ume including regular, irreg-
ular and near-focused wave groups. Modication of certain wave-eld parameters in
the *.sea les allows the generation of angled wave fronts for angles up to β = 30◦,
and in the case of irregular and near-focused wave groups, the inclusion of directional
spreading and random phases. A list of the wave-elds generated for this study with
equivalent full-scale signicant wave heights and periods, assuming a 1:70 scale fac-
tor, is provided in Table 2.4. As not all possible combinations of wave frequency and
signicant wave height were tested, relevant conditions are reported in each section.
The range of regular wave frequencies tested represent a compromise between the wave
conditions which can be generated in the wave ume at small-scale and the operating
conditions that a device could potentially be subject to at full-scale. Certainly swell
waves with periods greater than T = 16.7 s are possible, but small-scale tests have
demonstrated that the wave frequency f = 0.5 Hz is the lower limit of satisfactory
wave generation in the ume. It is possible to generate regular wave-elds with fre-
quencies greater than f = 1.75 Hz, however Venugopal and Smith [89] demonstrated
that the removal of similar high frequency components in a realistic wave-eld had
little aect on the level of wave power available.
Small-scale (1:70) Full-scale (1:1)
f (Hz) ∆f (Hz) Hs (m) H (m) T (s) Hs(m) H (m)
Regular
0.5-1.75 0.03125 - 0.014-0.12 16.7-4.8 - 1.38-11.83
Irregular
0.5-1.5 0.0625 0.026-0.0532 - 16.7-5.6 2.62-3.71 -
Near-Focused
0.688-0.766 0.078 - 0.144 12.1-10.9 - 10.0
Table 2.4: Tested wave-elds, including the range of frequencies and frequency incre-
ments used. For the near-focused wave groups, maximum measured crest heights are
listed
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Intermediate water depth Deep water
0.5 > d/L > 0.05 d/L > 0.5
Wavelength (L) 2pi
K
Wave velocity (C) L
T
gT
2pi
tanh 2pid
L
Group velocity (Uwg)
C
2
[
1 + 2Kd
sinh 2Kd
]
C
2
Table 2.5: Regular wave-eld parameters
Based on the incident wave frequency and still water depth of the ume, the regular
wave conditions tested can be classed as intermediate (0.5 > d/L > 0.05) and deep
water waves (d/L > 0.5). This means that certain parameters such as phase and group
velocity are frequency-dependent (Table 2.5). For the range of wave conditions tested,
the same wavelength formula can be used.
2.3.4 Measured Wave Condition Quality
With the paddles activated, the measured resulting wave-eld in the ume should
possess virtually identical parameters to the wave-eld specied in Ocean. This is not
always the case, with the resulting wave-eld inuenced by the propagation of reected
waves from the beach, especially for low frequency regular wave-elds. Wave reec-
tions occur because not all of the energy from the incident wave-eld is absorbed by
the beach. Modern wave paddle systems are capable of distinguishing between wave
forces caused by the generated wave-eld and those resulting from reected waves. A
forced-feedback system is employed to counteract the reected component, thus result-
ing in a steady wave-eld. As the group velocity of a low frequency wave-eld is higher
than that associated with a high frequency wave-eld (e.g. U = 1.68 m/s at f = 0.5 Hz
compared to U = 0.52 m/s at f = 1.5 Hz), in the absence of a forced-feedback paddle
system, regular wave-eld analysis was carried out over an interval selected to avoid
the inuence of reected waves, up to t = 30 s. For the wave ume used, reection
coecients of up to 0.4 were calculated by Alexandre [1] for incident wave frequen-
cies below f = 1.0 Hz; corresponding to an analysed time-series interval between 32 s
≤ t ≤ 64 s. Analysis of the time-series between 0 s≤ t ≤ 32 s produced lower reection
coecients (of up to 0.1) highlighting the inuence of reected waves during longer
duration tests.
It is important that waves generated in the ume are both repeatable and well-
dened in terms of amplitude and frequency. Whilst variations of measured frequency
are small (up to 1.2% in absolute terms), wave amplitudes measured by WG4 (am)
vary from required amplitudes (arq) by up to 20.3% (Figure 2.11(a)). These measured
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discrepancies are not ideal, but to some extent can be tolerated as many of the av-
erage wave amplitudes were used to non-dimensionalise oat responses through the
use of response amplitude ratios. This is particularly relevant for comparing measured
responses with non-dimensionalised responses predicted by numerical simulations. Al-
though there is some deviation of measured wave amplitudes from required values,
because much of the analysis contained in this thesis is comparative, (e.g. determining
the eect of altering system parameters on response using the same wave conditions),
the wave-elds used can be regarded as suitable for this study.
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Figure 2.11: (a) Variation of measured to required wave amplitudes with regular inci-
dent wave frequency. Values are shown for a range of wave amplitudes: arq = 0.007 m
(thin solid line), arq = 0.010 m (thin dashed line), arq = 0.013 m (thin dotted line),
arq = 0.016 m (thin dash-dotted line), arq = 0.0188 m (thick solid line), arq = 0.022 m
(thick dashed line) and arq = 0.025 m (thick dotted line). (b) Empirical (dark blue line)
and FFT calculated (red bars) Bretschneider variance density spectra (Hs = 0.0532 m,
fp = 1.06 Hz). Spectra based on subdividing the time-series into 4, 8 and 12 parts are
also shown as green, cyan and magenta lines respectively. (c) Superimposed regular
wave-eld (f = 1.13 Hz, arq = 0.016 m) surface elevations measured at four locations
in the ume; upwave by WG5 and WG7 (thin lines) and downwave by WG1 and WG2
(thick lines) of the device test area
The ratios plotted in Figure 2.11(a) suggest that either the wave gauge calibra-
tion constant for WG4 or the gain values located in the tank constants *.d_T le are
slightly too high. To remedy this, an iterative process of modifying the gain values in
the tank constants le and measuring the resulting wave-elds is carried out if a simi-
lar measurement trend is observed by other wave gauges. Considering the similarity of
superimposed surface elevations measured at four locations (at two upwave locations of
the device test position and at two downwave positions; Figure 2.11(c)), no signicant
change of the wave-eld over the separation distance is observed which would suggest
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the inuence of reected waves or transverse ume eects. The ratios presented in
Figure 2.11(a) follow one round of tank constant adjustments, but suggest that further
calibration is required.
For irregular wave-elds, a common method to determine wave-eld quality is to
compare variance spectra based on measured surface elevations with empirical spectra
in the frequency domain. A similar overall distribution can be seen for both the em-
pirical Bretschneider variance density spectrum and the fast Fourier transform (FFT)
of a measured wave-eld (Figure 2.11(b)). The calculated zero mean variance diers
slightly from the empirical value (m0 = 2.07 x 10
−4
m
2
and m0 = 1.77 x 10
−4
m
2
respectively). Details regarding the calculation of the mean variance can be found in
Section 2.4.3. It is acknowledged that amplitude spectrum shown is not well dened,
but as with the regular wave-elds used, in this study most comparisons are made using
the same wave-eld to compare the response of a device with dierent system param-
eters. As the resulting amplitude spectrum of the FFT is highly dependent on sample
length, it is likely that closer agreement between the empirical and measured variances
may be possible if the measured time-series was longer. As mentioned in Section 2.3.1
the choice of the sample length used is a compromise between maximising the signal
length (to increase the signal resolution) and avoiding the excessive inuence of waves
reected from the beach interfering with the incident wave-eld. To illustrate the aect
of signal length on calculate amplitude components, the time-series is rst subdivided
into several parts using a technique similar to the method described by Holthuijsen
[46]. The FFT is carried out on each portion of the time-series to nd the amplitude
and variance spectra. For each frequency increment the mean variance is calculated,
with contributions from each subdivision. Subdivision of the recorded time-series into
twelve parts results in a zero mean variance for latter case equal tom0 = 2.04 x 10
−4
m
2
,
equivalent to Hs = 0.0571 m . Whilst this zero mean variance is closer to the empirical
value than the one calculated using the entire time-series, the apparent improvement
is misleading. Clearly when a time-series is divided into small parts the resulting am-
plitude spectrum is a coarser representation of the measured spectrum (Figure 2.11(b)).
2.3.5 Array Layouts
The still water array device separation distance was set by the positions of the oat sup-
porting pulleys on adjacent devices in the x- and y-axis. In this study centre-to-centre
device separation distances of between 3a and 6a were studied in array layouts compris-
ing between two and twelve devices (Figure 2.12). One-dimensional arrays comprising
two, four or ve devices at centre-to-centre spacing sx = 3a to 6a and two-dimensional
rectilinear arrays comprising four rows of three devices at equal spacing in both axes
(sx = sy = 4a) were investigated. For the 1 x 5 array layout, both head and beam
seas congurations were tested. Due to the length of the supporting cable, 0.625 m at
equilibrium, each oat was capable of moving in modes of motion other than heave.
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With observed horizontal motions typically less than one radius in regular waves, the
device separation distance between adjacent devices could therefore vary with time.
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1 x 5 5 and 1 1 and 5 Head and Beam (β = 0◦, β = 90◦)
1 x 4 4 1 Head (β = 0◦)
3 x 4 4 3 Head (β = 0◦)
Figure 2.12: Plan view of the tested array layouts involving (top) two, (middle) ve and
(bottom) twelve devices and listed array combinations. The isolated device position is
indicated as dark grey. Tests were also carried out on an array of four devices in the
same position as the central column of the 3 x 4 array
During the initial stages of the study (until March 2008), the oats were inter-
connected with titanium wire tethers to represent mooring lines. Both isolated and
array-based oats were restrained by at least two interconnections to limit surge and
sway and large heave motions (Figure 2.13). To keep the device separation distance
constant and to avoid the impact of adjacent oats, tension was applied to the layout
via the corner oats. These oats were also indirectly connected to the support gantry
via long wires which supported immersed masses (mt = 1.0 kg). In long period waves,
horizontal forcing on the oat(s) and supported masses led to observed surge motions
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of the restrained system, although these displacements tended to be smaller than with
the unrestrained case. The combination of thin exible wire pieces and swivel connec-
tions at either end of the wire were used to allow the oat to move freely in the heave
(vertical) direction. As will be demonstrated in the next chapter, use of the tethers for
a single device did not alter the maximum heave amplitude of the oat when subjected
to regular wave-elds and as most untethered surge motions were small it was decided
that further investigations using the tethers were not required. Therefore, unless oth-
erwise stated, the tests reported in the study did not involve the tether restraint system.
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MWL
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Figure 2.13: (a) Plan view of the 3 x 4 array layout with tether restraints. (b) Side
view of the isolated oat showing the tether restraint system
2.4 Data Collection and Analysis
2.4.1 The Data Logging System
A desktop PC running the Windows XP operating system was used to control the wave
paddles in the ume in conjunction with the Edinburgh Designs Ocean software (see
Section 2.3.1) and also to record the measured data. Angular displacement measure-
ments from each angular encoder and surface elevations from each wave gauge were
recorded using National Instruments data logging hardware within the PC. The re-
sulting *.dat le contained readings from up to nine wave gauges and two angular
displacement encoders per device. The wave gauge values were raw voltage readings
which had to be calibrated before use (see Section 2.3.2). To assist with le recog-
nition and archiving, a systematic process of le naming was adopted, with each le
name containing information regarding the tested wave-eld, device used and device
parameters adopted. The created les are contained within a folder structure on the
PC hard drive which was organised to make clear which oat geometry and oat draft
were used and the type of test that was carried out. Additional notes saved in *.txt
format were often also used to note extra, useful information.
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Labview was the software used to control the National Instruments data logging
hardware. Set-up *.vi les are split into two areas; a front panel graphical user inter-
face and a block diagram. The front panel created for this study allows the specication
of recording parameters, for example: channel selection, duration of test, denition of
le paths and names for data read/write processes and also the presentation of selected
variables. Two types of channels were used: analogue for the wave gauge signals; and
digital for the angular encoder signals. An external signal generator was used by
Labview for timing and was set at the sample rate fs = 256 Hz. The hardware clock
was set at 512 Hz, meaning that a 64 s recording interval required 32 read cycles. After
each read cycle the recorded data was automatically plotted in several graphs on the
front panel. Through particular tools in the block diagram it was possible to post-
process the recorded data. For the *.vi les used in this study, after the prescribed
number of read cycles have been completed, angular velocities based on the angular
displacement measurements of the oat and drive encoders were automatically calcu-
lated and plotted. These, and the plots generated during the test, provided a quick
method of checking that the device response was as expected and were used for fault
nding.
2.4.2 Time Domain Data Analysis Techniques
Time-series analysis was carried out on surface elevation data measured by the wave
gauges, and response data measured by the two digital encoders on each device. Based
on measured oat pulley angular displacements, the time-varying vertical motion of
the oat can be compared to measured surface elevations. For regular wave tests,
measured device and wave data were analysed in the time domain using one of two
methods to select an interval (of length 10 cycles) over which subsequent analysis was
performed. The rst approach was based on the development of the wave-eld. The
second approach was based on the development of a steady-state oat response. Both
approaches used curve tting to determine the position in time, and magnitude of wave
peaks and troughs. Third-order polynomial curves were tted to all measured regular
wave values beyond the limits −0.7arq > η(t) > 0.7arq, from which maxima and min-
ima were determined (Figure 2.14(a)). This was carried out due to apparent presence
of high frequency noise in the measured wave time-series, which may have been caused
by interference from adjacent wave gauge signals along the length of the cables (Figure
2.14(b)).
Imposing a xed percentile limit to the measured surface elevations of an irregular
wave-eld either results in undened low amplitude cycles, or the misrepresentation
of large amplitude cycles (Figure 2.14(c)). In an alternative method, the approximate
location of each peak and trough was found using a low magnitude limit. Regardless
of magnitude, a third-order curve was then tted to a window which was centred on
this location, from which maxima and minima were determined. For the measured
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oat response time-series, maximum and minimum values were used to determine the
location and magnitude of response peaks and troughs as measured responses tended
to be non-sinusoidal by nature.
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Figure 2.14: (a) Time-varying measured surface elevations (thin blue line) and tted
third-order polynomial curves (thick red lines) of a regular wave-eld of amplitude
arq = 0.025 m and frequency f = 1.0 Hz. Calculated average maximum and minimum
amplitudes are shown as dotted lines. (b) Close-up of (a) showing high frequency noise
in the unltered signal. (c) Close-up of Bretschneider irregular wave-eld (Hs = 0.0532
m, fp = 1.0 Hz) showing tted polynomial curves based on 10% and 70% limits (green
and red lines respectively)
2.4.2.1 Response Interval based on Wave-Field Development
Once the paddles are activated there is a ramp-up period (typically lasting 4t =2 s)
during which time paddle motions increase until the displacements are sucient to gen-
erate the required wave-eld. This, coupled with the time required for the wave-eld to
propagate to the test area means that there is a slight delay between paddle activation
and the measurement of waves with fully developed amplitudes. The rst approach
was based on the development of the undisturbed wave-eld in the ume with the start
of the interval corresponding to the occurrence of the rst fully developed wave peak,
dened as am > 0.7arq. If the oat response was also to be analysed, then an interval
was selected which corresponds to the same number of oat oscillation cycles which
occurred immediately after the start of the wave interval.
2.4.2.2 Response Interval based on Steady-State Float Responses
The second approach was based on the development of the measured oat response
to a steady state, with wave characteristics calculated over an interval which corre-
sponded to this behaviour (i.e. starting immediately before the steady-state interval).
In this method, an amplitude envelope was calculated from the Hilbert transform of
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time-varying measured oat displacement amplitudes [47]. Due to the possible inu-
ence of reected waves from the beach, values recorded before t = 27 s were used. A
rst-order trend line, determined using the least squares method, was tted to a series
of overlapping intervals, of length 10 cycles, within the envelope. The deviation of
envelope values from each tted line was quantied by the mean variance (σ2) and the
gradient of the line was calculated. Each quantity was ranked in terms of magnitude
as indices (Iv and Ig respectively) with weighting applied and both were summed, such
that Ir = C1Iv+C2Ig. The minimum value of this summation was assumed to identify
the most representative steady-state interval (Figure 2.15(a)). After comparing the de-
velopment of Iv and Ig with time for several oat responses across a range of incident
wave frequencies, bias was given to the gradient of the tted line by setting C1 = 0.5
and C2 = 1.0. The time required for the device to reach a steady state was determined
by subtracting the start of the selected steady-state interval with the occurrence of the
rst fully developed wave peak. For comparison with other tested wave conditions, this
quantity was then non-dimensionalised by the incident wave period. For the example
given in Figure 2.15(a) it could be argued that the device reaches a steady state sev-
eral cycles before the selected interval (12.6 s ≤ t ≤ 24.1 s), based on the variation of
response amplitude with time. This is the drawback of applying constant bias values
to a variety of dierent frequency responses.
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Figure 2.15: (a) Time-varying measured oat response (thick line) of an isolated de-
vice subjected to a regular wave-eld (thin line) of amplitude 0.013 m and frequency
f = 0.875 Hz. The calculated Hilbert transform envelope is shown as a dashed line,
with the start of the determined steady-state interval shown as a vertical line. (b)
The frequency variation of the ratio of calculated oat displacement amplitudes using
intervals determined: after full development of the wave-eld (zm,1); and steady-state
response (zm,2)
The time required for the device to reach a steady state is short for low frequency
waves (typically less than one cycle for f ≤ 0.625 Hz) and occurs close to when the
wave-eld amplitudes are fully developed. Therefore for these frequencies there is lit-
tle dierence between oat displacement amplitudes calculated using the two methods
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(Figure 2.15(b)). For higher wave frequency tests, the dierence between values calcu-
lated by both methods is considerably larger, up to zm,1 = 2.0zm,2 at f = 1.38 Hz. The
second method is preferable because measured steady-state responses are more com-
parable to linear simulations of regular wave response which assume harmonic forcing.
Unless otherwise stated, the steady-state interval method was used in this study for
the analysis of regular wave test data.
2.4.3 Frequency Domain Data Analysis Techniques
Several techniques, have been developed in the frequency domain which provide an
extremely eective method of analysing large amounts of data, including the discrete
Fourier transform (DFT) which is often calculated using the fast Fourier transform
(FFT) method. The transform is particularly suited to determining the discrete fre-
quency distribution of amplitudes and the energy contained within a measured time-
series. The rst value of the transformed series is the DC component, corresponding
to zero frequency and is the sum of the data in the transformed series.
To give an example of DFT usage, the amplitude spectrum from the FFT of a
synthetic time-series is plotted in Figure 2.16(b). This superposed time-series (shown
in Figure 2.16(a)) comprises three harmonic components of amplitude 0.01 m, 0.015
m and 0.02 m and respective frequencies 0.5 Hz, 1.0 Hz and 1.5 Hz. Although the
signal contains several repeated harmonics which are fairly obvious in the FFT, these
harmonics are not entirely distinct if an interval of length t = 10 s is analysed. By
extending the analysed time-series window to t = 20 s, the three harmonics are more
clearly dened, demonstrating that sample length is an important criterion for using
this method. In Figure 2.16(c) the discrete energy spectrum is plotted. From these
values the mean variance of the zeroth moment can be approximated by integrating
the spectrum between 0 ≤ f ≤ fs
2
(where
fs
2
is the Nyquist frequency) using trapezoidal
numerical integration:
m0 =
∫ fs
0
0
S(f)df
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Figure 2.16: (a) Time-varying surface elevations of a synthetic time-series comprising
three harmonic components. (b) Discrete amplitude spectrum resulting from the FFT
of the time series over t = 10 s and t = 20 s (blue and green bars respectively). (c)
Variance density spectrum of the time-series
The DFT method is discrete as it assumes that data sets, sampled at a particular
frequency, are representative of real world responses. A useful technique to extract
the instantaneous amplitude and frequency time history of a response is the Hilbert
transform [47]. First, the fast Fourier transform of the data set is calculated and split
into real and imaginary parts. The imaginary part is then subjected to a 90° phase
shift, with the direction of the shift dependent on the sign of the frequency component.
An inverse fast Fourier transform is then applied, with the output of the transform,
referred to as the analytic signal, containing the real part (the original data) and an
imaginary part. Usefully, the transformed analytic signal contains the same amplitude
and frequency content as the original real part of the data and also phase information.
The latter can be used to calculate instantaneous frequencies of the signal (Figure 2.17).
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Figure 2.17: (a) Time-varying surface elevations of a synthetic time-series comprising
three harmonic components (blue solid line). Also included is the calculated envelope
of the Hilbert transform of surface elevations (black dashed line). (b) Time variation
of instantaneous frequencies calculated by taking the rate of change of instantaneous
phase angle with time
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Chapter 3
Baseline Tests of an Isolated Device
Experimental measurements of an isolated small-scale wave energy device provide test
cases for comparison with numerical simulations of device response. Such measure-
ments also provide a baseline for response and power output performance benchmark-
ing with closely spaced arrays of multiple devices. In this chapter, measured heave
displacements of a mechanically undamped isolated device are used to determine one-
dimensional response linearity in a range of regular wave conditions. The analysis is
then extended to classify oat motion paths in two dimensions, through the combined
use of measured responses and recorded video footage. Irregular wave-eld and near-
focused wave group responses of an isolated device are then reported. To provide a
baseline for the performance of multiple devices, average power outputs are reported
for a mechanically damped device subjected to regular and irregular wave-elds.
3.1 1D Measured Motions
In order to provide experimental measurements for the validation of numerical simu-
lations of wave energy device response, measured oat responses were scrutinised for
a wide range of regular wave conditions and system parameters, including oat draft.
Since it is of interest to compare these measurements to numerical models based on
linear hydrodynamics, mechanically undamped responses (without a simulated power
take-o), were considered. Linear motion is dened here as occurring in one mode of
motion (heave) with a linear relationship between the incident wave amplitude and
the oat displacement amplitude. Predictable responses such as these are unlikely to
occur for all realistic wave conditions, which is why it is important to dene a range of
conditions over which the linear requirement is fullled.
3.1.1 Regular Wave Linearity
Response amplitude ratios (|dz| = zm/am) are dened as the ratio of measured oat
displacement amplitudes (zm) and undisturbed wave amplitudes (am) measured with-
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out the devices in the ume by WG4. In the rst part of this section experimental
measurements are reported for a single mechanically undamped at-bottomed oat
with an equilibrium draft equal to zeq = 0.05 m (`FB1' in Table 2.3 in Chapter 2).
A linear relationship between the measured oat displacement amplitude and incident
wave amplitude is suggested by similar response amplitude ratios in the lower half of
the tested wave frequency range, f < 1.0 Hz (Figure 3.1(a)). As the wave frequency is
increased towards the heave natural frequency of the device (f3 = 1.4 Hz, calculated
using radiation added mass values obtained from WAMIT simulations), there is a gradual
increase in response amplitude ratios from approximately |dz| = 0.9 until maximum
values occur around f = 1.28 Hz for most incident wave amplitudes. Above this fre-
quency, most ratios decrease and response linearity disappears with no apparent clear
trend. Generally, the number of cycles required for the device to reach a steady state
increases with wave frequency (Figure 3.1(b)). There is a scattered frequency distribu-
tion of values due to the apparent sensitivity of the steady-state algorithm (introduced
in Section 2.4.2 of Chapter 2) to uctuations in the measured oat response. Whilst
this has minimal inuence on calculated oat displacement amplitudes, the time at
which the selected steady-state interval commences can vary, especially for some of the
mid-range wave frequencies.
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Figure 3.1: Variation of (a) response amplitude ratio and (b) the number of wave cycles
required to reach a steady state with incident wave frequency. Values are shown for a
range of wave amplitudes: arq = 0.007 m (thin solid line), arq = 0.010 m (thin dashed
line), arq = 0.013 m (thin dotted line), arq = 0.016 m (thin dash-dotted line), arq =
0.0188 m (thick solid line), arq = 0.022 m (thick dashed line) and arq = 0.025 m (thick
dotted line)
The linearity of device response with incident wave amplitude was determined for
the same mechanically undamped at-bottomed oat. Using a range of counterweight
and oat masses, response amplitude ratios for several oat immersion drafts were
quantied. Despite the apparent measured variation of measured regular wave ampli-
tudes (Section 2.3.4 in Chapter 2), response amplitude ratios allow the performance
of the device to be normalised to the incident wave conditions. Float displacement
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amplitudes and wave amplitudes were averaged over intervals containing ten oscilla-
tion cycles, which commenced after the rst occurrence of a fully developed wave cycle
(dened as am ≥ 0.7arq). A oat set at three immersion drafts zeq = 0.035 m, 0.085 m
and 0.11 m (listed as `FB3', `FB4' and `FB6' in Table 2.3 in Chapter 2) was subjected
to regular wave amplitudes in the range 0.01 m ≤ arq ≤ 0.07 m and three frequencies
f = 0.688 Hz, 0.844 Hz and 1.063 Hz. Particular wave amplitudes were ignored in the
subsequent analysis if the measured response was clearly non-linear. In this case, a
non-linear response is dened as either being unresponsive (|dz| < 0.15) or suciently
large for the oat base to leave the surface of the water.
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Figure 3.2: Variation of isolated at-bottomed oat response ratios (|dz| = zm/am)
with measured incident wave amplitude (am) using three equilibrium draft settings (a)
zeq = 0.035 m, (b) zeq = 0.085 m and (c) zeq = 0.11 m. Each was subjected to three
incident regular wave frequencies; f = 0.688 Hz (red dashed line, circle markers), (b)
f = 0.844 Hz (blue dashed line, square markers) and (c) f = 1.063 Hz (black dashed
line, cross markers)
An almost linear response amplitude ratio trend was calculated for the zeq = 0.085
m draft oat at f = 0.688 Hz for the entire amplitude range, 0.013 m ≤ am ≤ 0.07 m
(Figure 3.2(b)). To a lesser extent, similar conclusions can be drawn for the f = 0.844
Hz values, although a greater deviation of values is seen above am = 0.0386 m. The
continuation of a non-linear trend may occur above am = 0.06 m, but further testing
would be required to conrm this. The lowest response amplitude ratios were calcu-
lated for the zeq = 0.11 m draft case at both f = 0.688 Hz and 0.844 Hz for the same
incident wave amplitudes. The apparent reduced response for this oat draft could
be due to increased damping from the immersed top surface, with a near-linear trend
occuring in the range 0.0254 m ≤ am ≤ 0.0506 m. For higher wave amplitudes the
oat becomes less responsive as the wave amplitude is increased. Short, linear trends
59
are apparent for the zeq = 0.035 m draft oat in the range 0.0248 m ≤ am ≤ 0.0339 m
at f = 0.688 and in the range 0.0239 m ≤ am ≤ 0.0279 m at f = 0.844 Hz. For higher
wave amplitudes the oat base left the surface of the water. When subjected to f =
1.063 Hz regular waves, this oat demonstrated a very short non-linear range, with
large oat displacements occurring above am = 0.0275 m. Rapid oat displacement
increases are also seen for the zeq = 0.085 m draft oat up to am = 0.0255 m. For
higher wave amplitudes this trend descends, suggesting unresponsiveness similar to the
zeq = 0.11 m draft oat at other frequencies.
The apparent dependency of response amplitude ratio with oat equilibrium draft
and the non-linear relationship between oat displacements and incident wave ampli-
tudes at certain wave frequencies could be due to variations in oat immersion. Here,
immersion is quantied with respect to the corner between the straight side of the oat
and the upper inclined surface; this level is selected as calculated response amplitude
ratios for the zeq = 0.11 m draft case suggest that immersion of the top inclined surface
can inuence the response of the oat. For most of the measured responses reported
in this study, immersion of the oat is quantied as the distance between the water
surface and the at base of the oat zimm = zeq − (zm − am). Uniquely to the cases
studied in this section, immersion of this corner 0.085 m from the base of the oat
(labelled as `d2' in Figure 2.6(b)), is quantied as zimm = zeq − 0.085− (zm − am). In
this instance, the incident wave amplitude (am) is determined from disturbed surface
elevations, measured with the device in place by an adjacent wave gauge (WG4). In
the rest of this study oat immersion is quantied with respect to the at base of the
oat.
Measured oat displacement amplitudes indicate that there is a relatively constant
relationship between the average immersion of the oat and measured incident wave
amplitudes for the zeq = 0.035 m draft case for all three incident wave frequencies
(Figure 3.3(a)). At f = 0.844 Hz for example, zimm ≈ 0.05 m, indicating that the
mean oscillation position of the oat does not alter signicantly from the equilibrium
position. There is a slight decrease in immersion draft with increasing wave amplitude
though, approximately equal to ∆zimm ≈ 0.004 m over the tested range of wave am-
plitudes. The zeq = 0.085 m draft oat immersion levels for the two lowest frequencies
are also fairly constant for most of the tested amplitude range (Figure 3.3(b)). It is
only above am = 0.05 m that the f = 0.844 Hz immersion values start to decrease.
This occurs at a much lower amplitude, around am = 0.0211 m, for the highest tested
wave frequency, f = 1.063 Hz, suggesting that for this draft overtopping of the oat is
more likely to occur at higher frequencies. From observation, once overtopping occurs
the oat is unable to recover fully due to increased damping on the upper surface. For
a oat which has an upper surface already immersed, such as the zeq = 0.11 m draft
case, additional damping is already present. This means that immersion of the upper
surface is less dependent on the incident wave frequency, and instead dependent on
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the incident wave amplitude (Figure 3.3(c)). For this oat draft, calculated response
amplitude ratios for the highest wave frequency, f = 1.063 Hz, are not shown as the
oat was deemed to be unresponsive at this frequency. Other observed oat motions
such as pitching at high frequencies and surging at low frequencies may also inuence
the apparent changes in oscillation position.
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Figure 3.3: Variation of isolated at-bottomed oat mean immersion levels (zimm) with
measured incident wave amplitude (am) using three equilibrium draft settings (a) zeq =
0.035 m, (b) zeq = 0.085 m and (c) zeq = 0.11 m. The zeq = 0.035 m and 0.085 m
devices were subjected to three incident regular wave frequencies; f = 0.688 Hz (red
dashed line, circle markers), f = 0.844 Hz (blue dashed line, square markers) and f =
1.063 Hz (black dashed line, cross markers). Response amplitude ratios are shown for
the zeq = 0.11 m device subjected to the two lower frequencies
To demonstrate that this is also a time-varying mechanism, oat responses were
scrutinised for the lowest regular wave frequency tested and two wave amplitudes,
am = 0.0219 m and 0.0402 m (Figure 3.4). The average immersion of the zeq = 0.085
m draft oat is largely unaected by the change in wave amplitude (Figure 3.4(a) and
(b)). At both tested wave amplitudes, the measured oat displacement amplitudes
are only slightly larger than the measured incident wave amplitudes; reected by the
similar response amplitude ratios shown in Figure 3.2(b). However, there is no dis-
cernible shift in the mean vertical oscillation position of the oat. At the lower wave
amplitude, the zeq = 0.11 m draft oat oscillates on average approximately 0.008 m
deeper than the equilibrium position. A change in immersion depth occurs quickly
after two oscillation cycles, around t/T = 3 (Figure 3.4(c)). This downward shift is
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much more noticeable at the higher wave amplitude and appears to continue beyond
t/T = 10 (Figure 3.4(d)). If the time-series is extended for this last case, a steady
position is achieved by approximately t/T = 16.
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Figure 3.4: Time-varying oscillations of the isolated oat upper surface (thick line)
subjected to regular wave-elds (thin line) of frequency f = 0.688 Hz and amplitudes
(a, c) am = 0.0219 m and (b, d) am = 0.0402 m. Floats with equilibrium drafts (a, b)
zeq = 0.085 m and (c, d) zeq = 0.11 m are shown. Oscillation cycle averages are also
included as thin dash-dotted lines
3.1.2 Tethers
The motion of the oat geometries studied is restricted only by the forces applied
through the supporting cable. The oat is therefore capable of moving in several
degrees of freedom, which could be an issue if multiple devices are placed in close prox-
imity. Experiments were conducted to determine the feasibility of limiting horizontal
(surge) motions of an isolated round-ended oat through the use of a tethering system.
In this section comparisons are made between the measured responses of the oat with
and without tether restraint at one wave amplitude, arq = 0.019 m. Details regarding
the tethering system and the steady-state determination method used can be found
in Chapter 2. Response amplitude ratios indicate a change in the peak response fre-
quency (Figure 3.5). Considerably larger ratios were calculated for the round-ended
oat (zeq = 0.065 m draft) compared to the at-bottomed oat (zeq = 0.05 m draft),
which are associated with larger measured oat displacement amplitudes. These two
oats correspond with geometries `H1' and `FB1' listed in Table 2.3 of Chapter 2. The
dierence in the maximum response amplitude ratio is almost negligible between the
untethered and tethered cases with a clear frequency shift of the peak response, ∆f ≈
0.1 Hz, due to the increased stiness of the tethered system. The use of tethers to re-
strict surge motions does not appear to have a detrimental aect on the heave response
amplitude of a round-ended oat geometry.
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Figure 3.5: Variation of isolated round-ended oat response amplitude ratios with
incident wave frequency at one amplitude (arq = 0.019 m). Tethered and untethered
responses are shown as black and red lines respectively. Calculated response amplitude
ratios for the at-bottomed oat with an equilibrium draft zeq = 0.05 m at arq = 0.0188
m are also shown for reference as a blue dashed line
3.2 2D Measured and Observed Motions
Float motions in the heave (vertical) direction are approximated using measured sup-
port pulley displacements. If restraining tethers are not used, the oat is permitted to
move in directions other than heave such as: surge (x-axis); sway (y-axis); swing (ap-
proximately centred at the supporting pulley) and pitch (pivoting approximately at the
oat centre of mass). When the incident wave direction is parallel to the ume length
(β = 0) movement in the sway direction is negligible. The magnitude and direction of
motions other than heave are of interest to assist comparisons with a single degree-of-
freedom numerical model and assist the development of a two degree-of-freedom model.
Instead of quantifying the two-dimensional motions of the oat with additional sen-
sors, such as accelerometers mounted inside each oat or laser measuring equipment,
an inexpensive Canon XM2 video camera was used. The camera was mounted on one
side of the ume, positioned in-line with the oat centreline in the x-axis and the top of
the upper inclined oat surface in the z-axis (Figure 3.6). For the experiments reported
in this section the at-bottomed oat `FB1' was used. Two approaches were used to
classify motions in the x−z plane from frame images extracted from the 25 fps (frames
per second) video footage. In the rst, a board marked with a 0.02 m square grid on
the opposite side of the ume provided reference lines which were used to estimate
the magnitude of oat motions. Due to the large distance involved across the ume,
perspective had to be taken into account (Figure 3.6(b)). From frame analysis of the
oat at rest in still water, a magnication factor of approximately 1.87zg was deter-
mined. The frames which correspond to the rst oat oscillation cycle from the selected
steady-state interval were extracted and the limits of motion along each axis quantied.
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Figure 3.6: (a) Plan view of the ume showing video camera and reference grid lo-
cations. (b) Cross sectional view of the equipment showing the projected perspective
eect across the ume
Dierent oat responses were observed for the incident wave frequencies tested
(Figure 3.7). At lower incident wave frequencies, horizontal wave forcing results in
elliptical oat motion trajectories, with displacements in surge up to 0.43a (observed
at arq = 0.016 m and f = 0.5 Hz). As the wave frequency is increased away from the
surge natural frequency (f1 = 0.3 Hz, calculated using the radiation added mass values
obtained from WAMIT simulations) and towards the heave natural frequency (f3 = 1.4
Hz), motion in surge decreases while motion in heave increases. If the wave frequency
is increased further above f = 0.969 Hz, there is a notable shift of the oat oscillation
centre away from the paddles (up to 0.39a in the positive x-direction; observed at arq =
0.016 m and f = 1.44 Hz). With increased incident wave frequency, pitching of the
oat also occurs. Relevant KeuleganCarpenter numbers for the range of wave condi-
tions tested in this section are between 0.31 ≤ KC ≤ 1.1, which are within the range
of inertia dominated ows (dened as KC < 5). Based on the similarity of response
amplitude ratios for the seven wave amplitudes considered (Figure 3.1(a)) and after
examining the recorded video footage, the oat response can be dened as linear for
incident wave frequencies in the range 0.594 Hz ≤ f ≤ 0.969 Hz.
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Figure 3.7: Frame images taken from 25 fps video footage of an isolated oat subjected
to arq = 0.016 m regular waves of frequency (a) f = 0.5 Hz, (b) f = 0.875 Hz and (c)
f = 1.25 Hz. In each case, silhouettes of the oat at the extremes of displacement in the
vertical (z-direction) and horizontal (x-direction) axes over one steady-state oscillation
cycle are also shown. Note that the positive x-direction is towards the left of these
images
(a) (b) (c)
Figure 3.8: The three stages to tracking oat motions; (a) frame image of the oat at
rest taken from 25 fps video footage, (b) binary image with the identied top edge and
(c) path of the top edge during one oat oscillation cycle
Despite adequate agreement between the observed heave amplitudes and the mea-
sured oat displacement amplitudes for all of the tested wave frequencies (to within
13.9%), this method is time-consuming as considerable user-interaction is required.
The second method utilises the contrast dierence between the top of the oat and a
lighter background. For this, a white background was used instead of a grid to avoid
misrepresentation of the upper oat surface. The three stage process commences by
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creating a binary image from each RGB (red, green and blue) frame image (Figure 3.8).
Within a region surrounding the approximate location of the oat, local maxima and
minima were found to identify the top edge of the oat stem. Based on the previous
oat position, the process can be partially automated, with visual checks carried out
at each iterative step to ensure that the oat position is correctly represented.
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Figure 3.9: Isolated mechanically undamped oat motion paths in the x − z plane
from video footage for one wave amplitude arq = 0.016 m and several incident wave
frequencies: (a) f = 0.5 Hz; (b) f = 0.688 Hz; (c) f = 0.906 Hz; (d) f = 1.09 Hz; (e)
f = 1.31 Hz and (f) f = 1.5 Hz. Dashed lines indicate the equilibrium position of the
oat. Descent and ascent paths are shown as black and red lines respectively. Note:
the oats were subjected to waves propagating from right to left in these images
Analysis of the video footage recorded at six incident wave frequencies has revealed
several distinct modes of motion in the x − z plane for the mechanically undamped
case (Figure 3.9). Horizontal motion of the oat in surge is greatest for the lowest
tested wave frequency, up to x = -0.032 m from the equilibrium position (Figure
3.9(a)). Although the maximum horizontal motion of the oat is signicant compared
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to the oat radius (x = 0.45a), it is negligible compared to the incident wavelength,
L = 3.92 m (Figure 3.10). Horizontal oat motions decrease as the incident wave
frequency is increased (f > 0.5 Hz) with an increase in heave motion amplitudes. For
the lowest tested frequencies, this follows the theoretical change of the water particle
orbits with incident wave frequency and is directly related to the surge and heave
natural frequencies of the device (f1 = 0.3 Hz and f3 = 1.4 Hz respectively). The
observed onset of oat pitching and notable shift of the oscillation axis above f = 1.09
Hz are characterised by attening of the elliptical oat motion prole.
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Figure 3.10: Non-dimensionalised mechanically undamped oat motion path in the
x − z plane from video footage for one wave amplitude arq =0.016 m and f = 0.5 Hz
oat. Excursions in the x−z plane are non-dimensionalised by the incident wavelength
(L) and measured wave amplitude (am).
3.3 Irregular and Near-Focused Wave Response
Realistic sea states are irregular and can be modelled using the linear superposition of a
number of regular wave harmonics. As each harmonic contains an individual amplitude
(an), frequency (ωn) and phase component (φn), the resulting device response will dier
from that associated with a regular wave-eld. In the case of three-dimensional waves,
each harmonic will also contain a directional spreading component. A mechanically
undamped oat with a oat draft equal to zeq = 0.05 m was subjected to an irregular
wave-eld composed of ve harmonics. Linear superposition states that an irregular
wave-eld can be composed of a number (n) of regular wave components, leading to
a time-varying surface elevation of the form described by Equation 2.11 in Chapter 2.
The same amplitude was used for all ve components (an = 0.004 m) along with ve
equispaced angular frequencies from the previously determined range of linear response
regular wave frequencies (0.594 Hz ≤ f ≤ 0.969 Hz) identied in Section 3.2. An algo-
rithm was used to construct wave-elds with all possible combinations of phase value
between −pi ≤ φn ≤ pi at 0.25 rad increments for each of the ve sinusoidal compo-
nents. The set of phase values which maximised the number of wave half-cycles with
period and amplitude characteristics within the linear response range of regular wave
conditions (0.594 Hz ≤ f ≤ 0.969 Hz, 0.007 m ≤ arq ≤ 0.025 m) was then selected.
This was then used to generate an irregular wave-eld in the ume.
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The resulting wave-eld was measured without the device in place but in-line with
the device position by WG4 (Figure 3.11(a)). For many of the wave cycles, the mea-
sured oat response closely follows the surface elevation of the incident wave-eld.
This is shown through low instantaneous response amplitude ratios, calculated using
the measured disturbed wave-eld (Figure 3.11(b)). Whilst most response amplitude
ratios are below |dz| = 3.0, in agreement with the regular wave values plotted in Figure
3.1(a), for very short intervals (up to ∆t = 0.2 s) there is an increase in instantaneous
ratios. This is partly due to small measured surface elevations (am < 0.003 m), but
also due to the device response time history (i.e. the inertia of the oscillating system).
Direct calculation of instantaneous response amplitude ratios assumes that the oat
always remains in-line with the wave gauge, which as has been reported in Section 3.2
for regular waves, does not always occur. The proximity of short-term irregular wave
responses to steady-state regular wave responses is investigated further in Section 6.2
of Chapter 6.
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Figure 3.11: (a) Time-varying measured undisturbed surface elevations of a composed
irregular wave-eld (thin line) and oat responses (thick line). (b) Calculated time-
varying response amplitude ratios using measured disturbed wave-eld surface eleva-
tions greater than am = 0.003 m
Experimental near-focused wave tests were carried out to determine oat responses
in the event of wave peaks occurring which are much larger than the typical operat-
ing conditions. The measured responses have provided test cases for comparison with
numerical simulations of large amplitude responses conducted using Computational
Fluid Dynamics methods such as Smoothed Particle Hydrodynamics [94]. In such an
eventuality, the emphasis of system design is survivability rather than power output.
The worst case scenario would be failure of the power take-o system leading to large
mechanically undamped oat motions. In this section experimental tests are reported
to determine how small changes to the oat and counterweight masses eect the re-
sponse of a single device in large amplitude waves. In this study the near-focused
wave groups were generated in the ume using a built-in command within the Ocean
software to calculate the phases required to focus a large wave crest at one point in
the ume. The resulting wave groups are classed as `near-focused' instead of `focused'
as the measured wave proles do not possess the same characteristics as theoretical
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focused wave groups, such as those dened by the New Wave formulation [85].
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Figure 3.12: (a) Comparison of the measured free surface elevations of a near-focused
wave group (thin solid line) and resulting oat responses (thick lines). (b) Time-varying
oat pulley angular velocities. In each plot three oat cases are shown: `FB4' zeq =
0.085 m (thick solid line); `FB6' zeq = 0.11 m (thick dashed line) and `FB7' zeq = 0.11
m (dotted line) at two dierent peak frequencies; (a, b) fp = 0.688 Hz and (c, d) fp =
0.766 Hz and one variance; m0 = 1.4 x 10
−4
m
2
. The responses for the `FB6' and `FB7'
draft cases are oset by the distance between the oat equilibrium draft and the `FB4'
zeq = 0.085 m draft level
Float responses of three oat draft cases are reported, zeq = 0.085 m (`FB4'), zeq =
0.11 m (`FB6') and zeq = 0.11 m (`FB7'). All three devices were subjected to two
near-focused wave groups with a mean variance equal to m0 = 1.4 x 10
−4
m
2
, with
peak frequencies fp = 0.688 Hz and 0.766 Hz. Whilst the maximum measured wave
amplitude is larger than the linear measuring range of WG4 reported in Section 2.3.2
of Chapter 2 (approximately 0.1 m), when this series of tests were conducted a dierent
calibrated wave gauge was used. Saturation of the gauge beyond the linear measur-
ing range would manifest itself as constant measured values, which were not recorded.
Referring to Table 2.3 in Chapter 2, oats `FB6' and `FB7' share the same equilib-
rium draft, but have dierent total masses (Mtot = 1.82 kg and 2.14 kg respectively).
These total masses were selected to determine the eect of removing 0.16 kg from the
counterweight mass or adding 0.16 kg to the oat mass from the zeq = 0.085 m draft
(`FB4') values. All three responses dier when subjected to the two tested near-focused
wave groups. The deeper draft cases are more alike in terms of displacement amplitude
compared to the zeq = 0.085 m (`FB4') draft response (Figure 3.12(a) and (c)). This
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shallower draft is more responsive with maximum oat displacement amplitudes close
to or greater than the short-term wave cycle amplitudes, apart from the primary focus
peak (at t/Tp = 0). Large angular pulley velocities are apparent at both frequencies
as the oat both ascends and descends (Figure 3.12(b) and (d)). After the main wave
group peaks have passed (t/Tp >1.0) the oat response quickly decays.
It is assumed that the vertical heave oat motion is entirely captured by the mea-
sured angular displacement of the pulley. Given this assumption, measured responses
indicate that the upper inclined surface of the zeq = 0.085 m (`FB4') draft oat is
immersed for the largest wave cycles, for example between -0.2 ≤ t/Tp ≤ 0.2 for the
fp = 0.688 Hz wave-eld response. If immersion or overtopping does occur, then the
oat motion will also be aected by additional damping forces and to a lesser extent,
prole drag, on the upper surface. Calculated immersion values from regular wave
tests, reported in Section 3.1.1, suggest that reduced amplitude responses are possible
if the upper inclined surface of the oat is immersed. As the `FB6' and `FB7' oats
are already immersed at equilibrium, additional forcing on the upper surface is one
reason for the recorded slower responses and smaller oat displacements. Other energy
dissipation processes, such as wave breaking and free surface eects will also inuence
the oat response. The oat motions of the two deeper draft oats are prolonged and
continue beyond t/Tp > 3.5. This may be due to the lower heave natural frequency
of these oats (f3 = 0.81 and 0.86 Hz for the `FB6' and `FB7' drafts oats compared
to 1.25 Hz for the shallower draft `FB4' oat). These measured responses show that
it is possible to limit response amplitudes through exploiting additional damping due
to immersion of the upper oat surface. To do this, it is necessary to change the oat
draft either by increasing the oat mass or decreasing the counterweight mass. Com-
paring the responses associated with the `FB6' and `FB7' draft oats, it would appear
as though the most eective method would be to increase the oat mass, especially if
low peak frequency wave groups occur. For a full-scale system, changes of mass could
be achieved through the use of sea water pumping equipment. As an approximation,
to change from the `FB4' to `FB6' draft settings would require the oat mass to be
increased by 54 Tonnes at full-scale.
3.4 Regular Wave Power and Response
Average power outputs and response amplitude ratios are presented in this section
rstly to demonstrate the inuence of incident wave conditions on device response
and the level of power captured by the device. Secondly, the values provide a basis
for comparison with tests involving arrays of identical devices subjected to the same
regular wave conditions. Both measured responses and power outputs are averaged
over an interval containing ten regular oat oscillation cycles over which the response
is steady. The start of the steady-state interval corresponds to the minimum rate of
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change of instantaneous amplitude of the Hilbert transform of the oat-displacement
time-history. Further details of this method can be found in Section 2.4.2 of Chapter 2.
Average power outputs were calculated for an isolated device, set at two equilibrium
drafts (`FB2': zeq = 0.07 m and `FB1': zeq = 0.05 m) and subjected to ve incident
wave amplitudes and 38 frequencies (Figure 3.13(a) and (b)). For these tests, a current
equal to Igen = 100 mA was applied to the motor, equivalent to a torque equal to τm =
0.008 Nm. Within the small-scale amplitude and frequency ranges of interest (0.0075
m < a
rq
< 0.032 m, 0.5 Hz < f < 1.63 Hz) measured regular wave amplitudes appear
to vary from required values by a
m
< 19.3% and frequencies f < 4.2%. Apart from
one of the highest wave frequencies tested (f = 1.59 Hz), the power absorbed by the
device increases with incident wave amplitude for both oat drafts. This follows the
theoretical increase in available wave power with wave amplitude according to linear
wave theory [59]. The average power absorption of the zeq = 0.07 m draft device
diers by up to 12.0% based on four sets of data each measured at seven equispaced
frequencies between 0.5 Hz < f < 1.13 Hz and one wave amplitude a
rq
= 0.0188 m.
This repeatability can also be seen if the time-varying measured oat responses and
calculated power outputs are compared from each repeat test. Although maximum
average power outputs for both oat drafts are similar, to within 8.5% for the two
comparable wave amplitudes tested, there is a frequency shift of the peak response
by approximately ∆f = 0.2 Hz. This frequency shift is equal to the dierence in the
calculated heave natural frequency of both oat drafts (Table 2.3 in Chapter 2).
For the zeq = 0.07 m draft device, there is an apparent invariance of device re-
sponse amplitude ratio with wave amplitude for low incident wave frequencies in the
range 0.594 Hz < f < 0.781 Hz (Figure 3.13(c)). For incident wave frequencies in the
range 0.813 Hz ≤ f ≤ 1.41 Hz a non-linear relationship exists, with low amplitude
responses and convergence suggested for the highest tested wave frequencies. Similar
linear and non-linear frequency regions are also suggested for the zeq = 0.05 m draft
device at higher wave frequencies (Figure 3.13(d)). These measured responses are in
partial agreement with the linear and non-linear mechanically undamped behaviour of
the same device highlighted in Section 3.1.
3.4.1 Variation of Mechanical Damping
Determining how the behaviour of a wave energy device will alter as a result of gener-
ator load changes is of interest to device developers. In principle, the generator load
could be altered through a control system to change the performance characteristics of
the system based on the measured incident wave conditions. The control system may
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Figure 3.13: Variation of calculated (a, b) average power values and (c, d) response
amplitude ratios of an isolated oat of draft (a, c) zeq = 0.07 m and (b, d) zeq = 0.05 m
subjected to regular waves of amplitude; a
rq
= 0.0075 m (red line, circle markers), a
rq
=
0.013 m (blue line, diamond markers), a
rq
= 0.0188 m (green line, square markers),
a
rq
= 0.0255 m (magenta line, triangle markers) and a
rq
= 0.032 m (black line, cross
markers). The power values were averaged over ten oat oscillation cycles
also have to respond to demand changes from the distribution grid. For the system
studied here, changes in the torque load applied by the dynamometer system will alter
the mechanical damping applied to the oat. In this section, mechanically damped
oat responses are studied to extend the one- and two-dimensional analysis reported
in Sections 3.1 and 3.2 for a zeq = 0.05 m draft at-bottomed oat. The dynamometer
system used for tests reported in this study is capable of applying current loads to the
motor of up to Igen = 2 A in order to simulate torque loading from a generator up to
τm = 0.16 Nm. In this section, responses of a device with three mechanical damping
loads, subjected to the six regular wave frequencies from within the same tested range
0.5 Hz ≤ f ≤ 1.5 Hz, and one wave amplitude arq = 0.016 m, are presented. The
current loads used, Igen = 100 mA, 200 mA and 300 mA, are equivalent to torque loads
τm = 0.008 Nm, 0.016 Nm, 0.024 Nm. Assuming a small-scale rated drive velocity of
ωrate = 10.7 rad/s these torque loads are equivalent to full-scale rated power outputs
Prate = 242.1 kW, 484.2 kW and 726.4 kW. In order to verify the measurement and ob-
servational methods employed, measured oat displacements based on pulley angular
displacements are compared to the oat motions captured by video footage, using the
second motion path method introduced in Section 3.2.
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Figure 3.14: Variation of calculated (a) response amplitude ratios and (b) average
power output values of an isolated oat (zeq = 0.05 m) subjected to regular waves
of amplitude arq = 0.016 m. Four levels of mechanical damping, with equivalent dy-
namometer torques τm = 0 Nm, 0.008 Nm, 0.016 Nm, 0.024 Nm are shown as solid,
dashed, dotted and dash-dotted red lines respectively. In (a) response amplitude ratios
from the mechanically undamped study reported in Section 3.1 are also shown as a
black solid line for reference
When torque is applied to the dynamometer system and subsequently increased,
lower response amplitude ratios and average power outputs were calculated at the mid
to high tested wave frequencies (Figure 3.14(a) and (b)). Also there is a frequency
shift of the power output peak to lower frequencies. The discrete frequency variation
of average power outputs implies that an increase in output power does not always
follow from an increase in motor torque. Tests at interim wave frequencies would be
required to conrm this trend. For the mechanically undamped case, scattered values
at the highest tested wave frequencies reect the reduced repeatability of oat motions
in these wave conditions, in contrast to the repeatable responses measured at lower
frequencies (to within 5% over ve repeat tests at f = 0.906 Hz when τm = 0.024 Nm).
The associated reduction in vertical oat displacements with increased pulley torque
is clear if the motions paths in Tables 3.1 and 3.2 are compared, especially at f =
0.5 Hz. These paths, which correspond with the rst steady-state oscillation cycle,
demonstrate the eect of altering the incident wave frequency and the level of mechan-
ical damping on the response of the oat. As with the mechanically undamped case
(Figure 3.9), the horizontal surge component decreases while the vertical heave compo-
nent increases with incident wave frequency. For wave frequencies above f = 0.969 Hz
the mean horizontal oscillation position of the oat shifts away from the paddles and
oat pitching occurs. If the torque load of the system is increased instead, the oat
is less able to descend and this eect is clearest if the f = 0.5 Hz motion paths are
compared. For the highest tested torque setting τm = 0.024 Nm, the gradual descent
of the oat follows an almost linear path in the upwave direction and this also occurs
for the higher incident wave frequencies. There is a distinct correlation between a lack
of oat movement when the device is subjected to both the highest wave frequencies
and the highest mechanical damping loads. In these conditions, the oat is less able
to respond to rapid changes in hydrodynamic excitation.
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Table 3.1: Isolated oat motions paths in the x− z plane from video footage for several incident wave frequencies and mechanical damping settings.
Descent and ascent paths are indicated as black and red lines respectively. Note: the oats were subjected to waves propagating from right to left
in these images
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Table 3.2: As Table 3.1 for several other incident wave frequencies
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Figure 3.15: (a) Measured time-varying oat displacements of an isolated device sub-
jected to a regular wave-eld of amplitude 0.016 m and frequency f = 0.906 Hz. The
start of the determined steady-state interval (t = 11.7 s) and the onset of large swinging
motions (t = 29.3 s) are shown as vertical solid and dashed lines respectively. Oset
displacements of the upper stem surface from the still water equilibrium position for
oscillation cycles starting at (b) t = 11.7 s and (c) t = 29.3 s. Descent and ascent paths
are shown as black and red lines respectively
The oat motion path for the highest tested torque setting (τm = 0.024 Nm) at f =
0.906 Hz is associated with a steady-state interval commencing 8.2 s after the rst fully
developed wave peak occurs. If the test is permitted to continue beyond the previously
dened time limit of t = 27 s, a steady response persists until approximately t = 21 s,
when there is a transition to another mode of motion (Figure 3.15(a)). Alternate high
and low peaks and an overall reduction in the mean vertical oat oscillation position
are the result of observed large swinging motions. The measured response suggests
that this second mode of motion also eventually reaches a steady state. Comparing the
steady-state motion path with one observed at t = 29.3 s, it is clear that whilst the
vertical displacement of the oat is comparable in both cases, the horizontal excursion
of the oat is considerably larger; up to 1.3a for the straight side of the oat (Figures
3.15(b) and (c)). In Figure 3.15(c) two oat oscillation cycles are numbered (1-4),
corresponding with two cycles in Figure 3.15(a) starting at t = 28.2 s and 29.3 s. This
form of instability is due to parametric oscillation, which has received considerable
attention in the study of ocean vessel stability [50, 79]. It can occur when the natural
frequency of the pendulum mode (in this case fpen ≈ 0.63 Hz) is greater than half the
oat oscillation frequency (fo ≈ 0.908 Hz).
Due to a lack of oat immersion, the buoyancy force reduces to almost zero when
the oat is at the highest part of the two-stage swinging cycle (Figure 3.16(a)). The
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undamped natural frequency of the pendulum is in between the heave and surge nat-
ural frequencies of the oat, although hydrodynamic damping is likely to lower this
value (Figure 3.16(b)). Total energy absorption at the beach is not possible, leading to
reected waves propagating back towards the test area, which after a sucient length
of time can inuence the incident wave-eld. Based on the group velocity of the wave-
eld and assuming that the wave frequency remains unchanged after reection, f =
0.906 Hz, it would take approximately 32.3 s for a wave to travel over the total distance
(32.2 m paddles to beach to test area). This is considerably longer than the time re-
quired for mode transition to occur, moreover there is a minimal change (7.4%) in the
wave amplitude of the undisturbed wave-eld between 11.2 s < t < 26.1 s (measured
by WG4 in-line with the device).
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Figure 3.16: (a) Time-varying calculated hydrostatic buoyancy force based on oat
immersion using measured undisturbed surface elevations and observed oat displace-
ments. (b) Time-varying instantaneous oat oscillation frequencies (thick line) with
heave (thin solid line), surge (thin dotted line) and pendulum undamped (thin dashed
line) natural frequencies
The frequency composition of the measured oat response during the steady-state
and swinging intervals is shown in Figure 3.17 using the fast Fourier transform. The
distribution of frequency bins is coarse due to the short length of each interval, hence
repeat tests could be used to increase the spectral resolution. The measured oat
displacements from both response intervals were centred about the zero axis to avoid
large DC components near f = 0 Hz, however as the measured response of the swing-
ing interval is transient, some components remain. Two features are of interest in the
resulting spectral distribution. In the case of the parametric oscillation interval, fre-
quency components exist close to the half harmonic (f ≈ 0.453 Hz). At the double
harmonic (f ≈ 1.812 Hz), large peaks occur for both analysed intervals, which are
lower in magnitude for tests involving reduced levels of applied mechanical damping.
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Figure 3.17: Fast Fourier transform of intervals containing ten oat oscillation cycles
starting at t = 11.7 s and t = 29.3 s (green and red bars respectively)
3.5 Irregular Wave Power
To provide a baseline of realistic sea state performance for comparison with tests in-
volving multiple devices, an isolated device was subjected to a range of irregular wave
conditions. In this section, the average power outputs of an isolated at-bottomed
device subjected to a Bretschneider irregular wave spectrum are presented. Two equi-
librium oat drafts were tested, zeq = 0.05 m and 0.07 m which are listed as `FB1'
and `FB2' in Table 2.3 of Chapter 2. Calculated power output values were averaged
over the entire repeat length of the wave-eld, ∆t = 64 s. Four dierent irregular
wave-elds were tested, with signicant wave heights ranging from 0.026 m ≤ H
s
≤
0.0721 m. Through the signicant wave height formulation; 2
√
2arq = Hs = 4
√
m0,
the zero mean variances of the irregular wave-eld spectra are equivalent to the four
of the amplitudes used in the regular wave tests reported in Section 3.4. For the zeq =
0.07 m oat draft case, the irregular wave-eld average power outputs are higher than
the equivalent regular wave-eld values for most of the lower peak frequencies (Figure
3.18). It is at the maximum response peak frequencies that the regular wave average
power outputs are close to, or larger than the irregular wave-eld values.
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Figure 3.18: The peak wave frequency variation of calculated average power values of
an isolated oat set at equilibrium drafts: zeq = 0.05 m (dashed lines) and zeq = 0.07
m (solid lines). Four irregular wave-elds were tested with signicant wave heights;
H
s
= 0.026 m (red line, circle markers), H
s
= 0.0368 m (blue line, diamond markers),
H
s
= 0.0532 m (green line, square markers) and H
s
= 0.0721 m (magenta line, triangle
markers).
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Although irregular wave spectra are more representative of actual sea states than
regular wave-elds, the latter are easier to replicate in a small-scale wave ume and
in the case of low frequency swell waves can also occur at sea. In this section, the
time-varying power outputs of an isolated device (zeq = 0.07 m) subjected to equiva-
lent irregular and regular wave conditions at one signicant wave height, H
s
= 0.0368
m, are compared. When the peak frequency is low, initial measured responses of the
device, for example between t = 5.0 s and 10.0 s, are similar for both the regular and
irregular wave-elds; almost periodic with small oat displacements due to small ampli-
tude wave cycles (Figure 3.19(a)). Later on in the time-series, for example between t =
45.0 s and 50.0 s, the device is briey subjected to a few large amplitude cycles in the ir-
regular wave-eld. The equivalent frequency of these cycles is close to the device heave
natural frequency. The result of this is a short interval of near-resonant oat response,
enabling the ywheel to accelerate and leading to continuous power generation as the
wave amplitude drops (Figure 3.19(b)). The excitation force due to the wave-eld and
oat velocity are also almost in phase and these are the main reasons for the dierence
in the average power output of the device when subjected to low peak frequency regular
and irregular wave-elds. For peak frequencies close to the heave natural frequency of
the system (i.e. f
p
> 1.0 Hz), a more resonant regular wave response is observed. The
presence of several small amplitude wave cycles in the equivalent irregular wave spec-
tra result in prolonged low drive velocities, resulting in lower average power outputs
compared to the regular wave performance. Similar dierences in performance were
measured for an array of twelve identical devices, reported in Section 5.1.2 of Chapter 5.
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Figure 3.19: Time-varying measured angular velocities (Top) and power outputs (Bot-
tom) of an isolated device (zeq = 0.07 m) subjected to an irregular wave-eld (f = 0.5
Hz and H
s
= 0.0368 m). (Top) Irregular wave-eld oat pulley (green line) and drive
(black line) angular velocities. (Bottom) Time-varying (black line) and time-averaged
(dashed black line) irregular wave-eld power outputs. Also shown is the time-averaged
(dashed red line) power output of the same device subjected to a regular wave-eld
with an equivalent wave amplitude
3.6 Summary
Analysis of measured steady-state oat oscillations to regular waves indicates that re-
sponses can only be classed as linear and restricted to one mode of motion for certain
wave frequency and amplitude ranges. Beyond these ranges there is a non-linear varia-
tion of the device response with the incident wave amplitude and other modes of motion
occur. From observation, these modes of motion are governed mainly by the incident
wave frequency. Measured device responses in large amplitude waves suggest that the
at-bottomed oat geometry may be suitable in terms of full-scale device survivability
in extreme storm events. Clearly non-linear responses utilising additional hydrody-
namic damping on the upper oat surface have been measured in these conditions,
with some of the responses featuring in a journal publication [73]. Whilst excessive
oat displacements could be prevented by utilising additional hydrodynamic damping
in large amplitude waves, the implications of increased cable and oat forces and loads
on the power take o system would need to be further investigated.
Varying the level of dynamometer torque to simulate dierent generator loads, leads
to a change in the level of mechanical damping applied to the oat. As a result, notable
changes to the oat motion trajectory, response amplitude and power output occur. A
selection of the mechanically undamped responses reported in this study also feature in
a conference paper by the author [93]. When the oat is subjected to very high levels of
mechanical damping, a transformation from seemingly steady-state heave motions to
pendulum-type motions is observed for a few incident wave frequencies. These mechan-
ically damped responses will be reported in a forthcoming journal publication. In both
mechanically undamped and damped cases, measured isolated device responses and
average power outputs in irregular waves are clearly dierent to those associated with
regular waves. In Chapter 5 the time-varying dierences between regular steady-state
and irregular wave-eld responses will be explored in more detail. Through the use of
interaction factors, calculated average power outputs of an isolated device provide a
baseline case for comparison to the performance of an array of closely spaced identical
devices.
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Chapter 4
Undamped Array
In this chapter, the response of multiple devices without a simulated power take-o
system are studied experimentally. Mechanically undamped motions are investigated
in order to simplify comparisons with numerical predictions of array response based
on frequency domain models. As will be demonstrated in Chapter 6, mechanically un-
damped motions of a single at-bottomed oat can be predicted using hydrodynamic
parameters obtained from linear analysis. However, this only provides accurate predic-
tions (to within 10%) if the simulated response amplitude ratio is less than |dz| = 2.0
and for certain wave frequencies in the range 0.5 Hz ≤ f ≤ 1.22 Hz. For an array of
closely spaced devices, the complexity of the system is increased and the hydrodynamic
interactions between the devices are expected to inuence individual device response.
Previous regular wave studies using the point absorber approximation have predicted
average power outputs of up to 2.3 times greater than from an isolated device [59]. Due
to device scattering, such predictions are less applicable to closely spaced arrays of de-
vices. Babarit et al. [6] reported the non-monotonous relationship between interaction
strength and separation distance of two simulated cylindrical bodies moving in heave.
This was also demonstrated by Thomas and Evans [81] for 1 x 5 and 2 x 5 arrays of
semi-immersed spheres, with interaction factors ranging from 0.4 to 2.4 in beam seas.
Based on the individual motion constraints studied in [81], Fitzgerald and Thomas [39]
used non-linear optimisation techniques to determine optimum, non-rectilinear array
congurations. This technique resulted in interaction factors of up to 2.8 and 2.7 for
symmetric and non-symmetric array layouts, with values as low as 0.7 at other angles
of wave incidence. It is the purpose of this chapter to understand the validity of lin-
ear models through measured mechanically undamped responses of multiple devices in
close proximity.
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4.1 Regular Waves
4.1.1 1 x 5 Array of Round-Ended Floats
In this section the mechanically undamped responses of ve round-ended oats sub-
jected to regular waves of amplitude arq = 0.013 m and incident wave frequencies in the
range 0.75 Hz ≤ f ≤ 1.75 Hz are reported. Aligned in both head (β = 0◦) and beam
(β = 90◦) seas layouts (Figure 2.12), the still water device separation distance was
equal to four times the device radius, sx = sy = 4a. Float and counterweight masses
equal to mf = 1.2 kg and mc = 0.4 kg respectively were selected to give an equilibrium
draft equal to zeq = 0.065 m (listed as `H1' in Table 2.3 of Chapter 2). Analysis was
carried out using an average steady-state interval for all ve devices so that bias was not
given to the response of one particular device. The start and end of this interval are the
averaged start and end times of the ve dierent steady-state intervals calculated for
each oat. Observation of the time-varying responses indicates that the system of ve
oats has several stable modes and the use of a dierent interval for each device may
be misleading. In general, the response of devices towards the rear of a head seas array
will take considerably longer than the front devices to reach a steady state (Figure 4.1).
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Figure 4.1: Measured time-varying oat responses of a line of ve round-ended oats in
a head seas layout subjected to a regular wave-eld of amplitude 0.013 m and frequency
f = 1.28 Hz. Front device (red line), second device (blue line), third device (green line),
fourth device (magenta line) and fth device (black line). For each device, the start of
the determined steady-state interval is shown as a vertical line.
Response amplitude ratios, calculated from average oat displacement amplitudes
and unpopulated ume wave amplitudes (measured in-line with the centre of the array
by WG4) range from 0.36 to 3.19 for the head seas layout and from 0.77 to 2.72 for the
beam seas layout (Figure 4.2). As with the isolated at-bottomed oat subjected to a
lower wave frequency range (0.5 Hz ≤ f ≤ 1.5 Hz), the time required for the array of
ve devices to reach a steady state increases with incident wave frequency; from 2.2 to
25.0 cycles for the head seas array (Figure 4.3). For low wave frequencies, for example
at f ≤ 1.22 Hz, the responses of all devices are similar in each array layout. For wave
frequencies above f = 1.59 Hz, pitching oat motions were observed for both the beam
and head seas layouts, and several oats of the beam seas layout were observed to pitch
suciently for the upper (at) surface of the oat to become immersed. The response
in these wave conditions is clearly non-linear and so these measurements are not re-
ported. In the head seas case, pitching motions, due to rapid changes in hydrodynamic
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excitation were dominant and this is perhaps one reason for the low responses, |dz|<
1.0, observed at these frequencies.
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Figure 4.2: Variation of response amplitude ratio with incident wave frequency for a
closely spaced array comprising ve round-ended oats in (a) head (β = 0◦, sx = 4a)
and (b) beam (β = 90◦, sy = 4a) seas congurations. The devices were subjected to
one incident wave amplitude (arq = 0.013 m). Refer to Figure 4.1 for assigned line
denitions
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Figure 4.3: Variation of the number of wave cycles required to reach a steady state with
incident wave frequency for a closely spaced array comprising ve equispaced round-
ended oats (s = 4a) subjected to regular waves of amplitude 0.013 m. Shown are
values based on an average array steady-state interval for beam and head seas array
congurations (solid and dashed lines respectively)
Normalised time-varying surface elevations and normalised oat responses are shown
for the head seas array at one incident wave frequency (f = 1.44 Hz) in Figure 4.4(a).
The responses and surface elevations are normalised by the average measured wave
amplitude. Time-varying responses above unity for all oats indicate larger oat dis-
placements than the incident wave amplitude. For this frequency, response attenuation
is observed with the average front oat response amplitude measured as being over 2.8
times larger than the rear oat response amplitude. Attenuation occurs for a narrow
range between 1.44 Hz to 1.56 Hz, but larger response amplitudes were measured for
oats other than the front device at lower frequencies.
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For wave frequencies below f = 1.13 Hz and some frequencies above f = 1.31 Hz,
oat responses of the beam seas layout are symmetric about the array centreline. Re-
sponse symmetry was also simulated for ve optimally controlled devices by Thomas
and Evans [81]. Direct comparisons between the measured responses studied here and
their research cannot be made, as the tested range of wave conditions (0.77 ≤ Ks ≤
2.82) is below their limit of simulation validity (Ks = 3.0). For example at f = 1.31
Hz, the response of the middle device is between that of the second and fourth oat
(Figure 4.4(b)). The responses of the second and fourth devices are close to symmetric
and both oats are practically in phase, with the average lag approximately equal to
0.009T . Although the response amplitude of the rst and fth oats is similar, there is
a phase lag between the two responses. The average lag is approximately 0.17T with
the fth oat leading the rst oat. This corresponds to a possible horizontal displace-
ment of each oat by up to one radius (i.e. the fth oat is oset by approximately 2a
up-wave of the rst oat). Once developed, this phase dierence remains nearly con-
stant for many oscillation cycles, indicating that the mean arrangement changes from
a straight line array to a staggered array with dierent separation distances between
adjacent oats. Based on video footage of an isolated at-bottom oat geometry which
has a similar radius (Section 3.2 of Chapter 3), horizontal surging of oats in the beam
seas array is also expected. However, at the lowest tested wave frequency, average time
dierences between the responses of the rst and fth oats and second and fourth
oats are approximately equal to 0.05T and 0.03T respectively.
27.5 28 28.5 29 29.5 30−4
−2
0
2
4
η(
t),
 |d z
|(t)
27.5 28 28.5 29 29.5 30−4
−2
0
2
4
η(
t),
 |d z
|(t)
27.5 28 28.5 29 29.5 30−4
−2
0
2
4
η(
t),
 |d z
|(t)
t/T
(a)
19.5 20 20.5 21 21.5 22−4
−2
0
2
4
η(
t),
 |d z
|(t)
19.5 20 20.5 21 21.5 22−4
−2
0
2
4
η(
t),
 |d z
|(t)
19.5 20 20.5 21 21.5 22−4
−2
0
2
4
η(
t),
 |d z
|(t)
t/T
(b)
Figure 4.4: Time variation of normalised measured oat responses over three wave
cycles for incident wave frequencies (a) f = 1.44 Hz, head seas array and (b) f =
1.31 Hz, beam seas array. Normalised measured empty ume surface elevations (thin
black line) and responses of (top) Float 3, (middle) Float 1 and Float 5 and (bottom)
Float 2 and Float 4. See Figure 4.1 for assigned line denitions. Responses and surface
elevations are normalised by the average measured wave amplitude
From the experimental measurements presented so far in this chapter several issues
have been identied that will be explored in detail in the following sections. Of in-
terest is how the separation distance between two devices inuences individual device
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response and the time required for each response to reach a steady state. Measure-
ments are also presented for the same two devices in irregular wave conditions.
4.1.2 1 x 2 Array of Flat-Bottomed Floats
Extending the isolated device investigations reported in Chapter 3, experiments were
conducted on a head seas array comprising two devices separated by centre-to-centre
distances ranging from s = 3a to s = 6a. Float and counterweight masses were selected
to give an equilibrium draft equal to zeq = 0.05 m (`FB1' in Table 2.3 of Chapter 2).
The two objectives of this study were: a) to determine a regular wave-eld frequency
and amplitude range over which the response of both devices was invariant with wave
amplitude and mainly in the heave direction, and b) to understand the eect of altering
the device separation distance on interactions. The two device array was subjected to
the same incident wave frequencies and three of the seven wave amplitudes (0.01 m
≤ arq ≤ 0.016 m) used for the isolated device.
Similar response amplitude ratios are observed for both devices when separated by
a centre-to-centre distance of sx = 4a (Figure 4.5(a)). There is also some similarity
with the isolated device ratios presented in Figure 3.1(a) in Chapter 3, apart from the
large response peak around f = 1.31 Hz at arq = 0.016 m. Compared to the isolated
device, at each wave frequency there is generally a greater variation of response am-
plitude for each device. This is possibly because of the inuence of interactions due to
the presence of the other device, and is also reected in the repeatability of measured
oat displacement amplitudes. Over four tests variations of up to 12.9% for the front
device and 21.8% for the rear device for three incident wave frequencies were recorded
at one wave amplitude, arq = 0.013 m. These values decrease to 4.3% and 10.7% re-
spectively for the same frequencies at a higher incident wave amplitude, arq = 0.016
m. For incident wave frequencies above f = 1.25 Hz response amplitude attenuation is
evident, where front device response ratios are greater than those associated with the
rear device (|dz,1| > |dz,2|).
The number of wave cycles required for each device to reach a steady state is plotted
in Figure 4.5(b). Values for the rear device were aligned with the rst by subtracting a
time oset (∆t) calculated using linear dispersion theory and based on the separation
distance of the two devices. The formulation used was ∆t = sx/C, where C is the
phase velocity of the incident wave-eld. For all frequencies tested, the time to steady-
state varies considerably with amplitude, and as with the isolated device ratios, there
is a general increasing trend with increasing incident wave frequency. At low wave
frequencies the front device reaches a steady state almost as soon as the wave-eld is
fully developed, for example after approximately 1.6 cycles at f = 0.688 Hz. Close to
the heave natural frequency of the system, f3 = 1.4 Hz, the time to steady-state is
considerably longer; up to 18 cycles for the front device.
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Figure 4.5: Variation of (a) response amplitude ratio and (b) the number of wave cycles
required to reach a steady state with incident wave frequency for a closely spaced array
(sx = 4a) comprising a front (black lines) and rear (red lines) device. Values are shown
for three wave amplitudes: arq = 0.010 m (thin dashed line), arq = 0.013 m (thin dotted
line) and arq = 0.016 m (thin dash-dotted line)
In Figure 4.6 two time-varying wave-eld and oat response examples are shown
through the use of Hilbert transform envelopes. At low incident wave frequencies, both
responses quickly reach a steady state and remain fairly consistent in terms of ampli-
tude with time (Figure 4.6(a)). Conversely at higher frequencies both oat responses
steadily build with time and there is a notable delay between each device reaching
a steady state (Figure 4.6(b)). With some of the highest incident wave frequencies
tested, apparent steady-state behaviour is not achieved within the duration of the test
(t < 27 s).
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Figure 4.6: Calculated Hilbert transform amplitudes from the measured response of
two devices in a closely spaced array (sx = 4a) subjected to a regular wave-eld (thin
line) of amplitude 0.013 m and frequency (a) f = 0.875 Hz and (b) f = 1.25 Hz. Front
device (thick black line) and rear device (thick red line). These plots relate to data
points shown in Figure 4.5. For each device, the start of the calculated steady-state
interval is shown as a vertical line
Small response amplitude ratio dierences are observed between the sx = 3a spaced
array and the sx = 4a spaced array. For low frequencies, f < 1.31 Hz, there is negligible
dierence between the calculated response amplitude ratios of these two arrays (Figure
4.7(a)). Similar responses are observed at separation distances 5a and 6a at one wave
amplitude (Figure 4.8(e) and (f)). The time to steady-state is also similar for both
devices at all four spacings considered, sx < 6a (Figure 4.5(b) and Figure 4.7(b)).
Response attenuation is also evident for the 3a spaced array, particularly for wave
frequencies greater than f = 1.31 Hz. Although maximum response amplitude ratios
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Figure 4.7: Variation of (a) response amplitude ratio and (b) number of wave cycles
required to reach a steady state with incident wave frequency for a closely spaced array
(sx = 3a) comprising a front (black lines) and rear (red lines) device. Values are shown
for three wave amplitudes (0.01 m ≤ arq ≤ 0.016 m). Refer to Figure 4.5 for line
denitions
are close to those associated with the 4a spaced array, up to |dz| = 2.7, for most wave
frequencies above f = 1.34 Hz, ratios of up to 41.1% higher are obtained by the 3a
spaced array. For both the 3a and 4a spaced arrays there is a disparity between front
and rear device values as the incident wave frequency is increased towards f = 1.5
Hz. Attenuation at the higher tested wave frequencies is less evident for the 5a spaced
array, with no clear trend occuring at these frequencies for the 6a spaced array. The
repeatability of oat displacements over three successive repeat tests at ve frequencies
for the front and rear devices in the 5a spaced array is up to 6.2% and 6.5% respectively
and 11.0% and 24.6% for the 6a spaced array. For certain frequencies between 0.969
Hz ≤ f ≤ 1.25 Hz response amplitudes ratios for the rear device of the 3a spaced array
are higher than the front device values (|dz,1| < |dz,2|). The bandwidth of this range is
slightly shifted for the other array spacings with generally smaller dierences in ratios
between the two devices. For most incident wave frequencies above f = 1.31 Hz, the
dierence between the response of the front device and that associated with an isolated
device is larger for the 3a spaced array than for the 4a spaced array (Figure 4.8(a),
(c) and (e)). For the front device, a reduction of interaction strength with increasing
separation distance (3a → 6a) is suggested. However, clear dierences in interaction
strength between consecutive separation distances as numerically modelled by Babarit
et al. [6] for two cylindrical bodies are not seen.
The apparent non-monotonous relationship between device response and spacing-
to-wavelength ratio, as reported by various studies [81, 6] is not immediately obvious
here. Numerical studies, such as those listed, have simulated device response minima at
non-dimensionalised device spacings (Ks) equal to full or half wavelengths, Ks = npi.
Approximate corresponding frequencies would be equal to f = 1.34 Hz for the 6a ar-
ray and f = 1.47 Hz for the 5a array. As the devices studied here are mechanically
undamped, numerical studies assuming optimal power output (for example Thomas et
al. [81]), are not comparable. In this study, the lack of a clear relationship between
interaction strength and device spacing may be due to the time variation of the device
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Figure 4.8: Variation of steady-state response amplitude ratio with incident wave fre-
quency at three wave amplitudes: (a, b) arq = 0.010 m, (c, d) arq = 0.013 m and (e,
f) arq = 0.016 m. Values are shown for the (a, c, e) front and (b, d, f) rear devices at
3a (thin lines) and 4a (thick lines). Isolated device values are shown for reference as
thick blue lines. In (e, f) values are also shown for separation distances 5a (triangle
markers) and 6a (circle markers)
separation distance. In the experimental set-up used, the oats are permitted to move
in surge and sway which could alter the device separation distance from what was
prescribed during installation. Using the mean dierence between the measured oat
response crests and in-line surface elevation crests, the horizontal spacing of both de-
vices in terms of the device radius (a) was estimated based on the incident wave phase
velocity,
∆x
a
= C∆t
a
(Figure 4.9). The estimated excursion values are in agreement
with the observed shift of device position away from the wave paddles with increas-
ing frequency. A similar trend was also observed for the isolated device (Section 3.2
of Chapter 3). It is only for the lowest and highest tested wave frequencies that the
estimated separation distance is signicantly dierent from the still water separation
distance, with some overlap between the consecutive spacings apparent. The estima-
tion method used to obtain these distances assumes that the phase of the incident
wave-eld remains unchanged as it passes through the test area. This would only be
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valid if the wave-eld propagated unhindered along the length of the ume. In reality,
the moving devices create both radiated and scattered wave-elds which inuence the
incident wave-eld. However, as a rst approximation these values are useful in char-
acterising the response of multiple closely spaced devices.
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Figure 4.9: Variation of calculated horizontal device separation distance, in terms of
the device radius (a), with incident wave frequency at one wave amplitude arq = 0.016
m. Positive values indicate an average shift in the direction of wave propagation. Refer
to Figure 4.8 for line and marker denitions
Using the rst oat motion observation approach introduced in Chapter 3, and
based on the lack of variation of response amplitude ratios with the three tested wave
amplitudes, a wave frequency range of linear response can be determined. It is the
same as for the isolated device response (0.594 Hz ≤ f ≤ 0.969 Hz) for both the 3a
and 4a spaced array cases. Virtually identical oat motions were observed for both
devices at the two separation distances over the identied frequency range. Whilst
similar low frequency responses were recorded for the 5a and 6a spaced arrays, further
testing at interim frequencies would be required to conrm this trend.
4.2 Irregular Waves
The behaviour of two closely spaced devices is studied to understand how interactions
between devices can modify responses relative to an isolated device. Device centre-
to-centre separation distances of sx = 3a and sx = 4a are considered and the same
irregular wave-eld used in Section 3.3 of Chapter 3 is applied to enable compari-
son to the measured response of a single device. Generally the response of the front
and rear devices is similar, but particular dierences are apparent during individual
wave-cycles (Figures 4.10(a) and (b)). For the rst part of the time-series (t < 20
s) comparable responses were recorded for the front and rear oat at both separation
distances. Later on in the time-series (t > 20 s), dissimilar responses correlate with
rapid changes in the surface elevation and frequency of the wave-eld. Measured oat
displacement amplitudes of both devices in the 4a spaced array (zm,4a) are closer to
the isolated device (zm,I) than the same devices in the 3a spaced array (zm,3a) for most
oat oscillation cycles (Figures 4.10(c) and (d)). Changes to the response of the rear
device are demonstrated when the oat displacement amplitudes of the rear device are
compared to those associated with the isolated device. This is partly due to the spatial
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variation of the incident wave-eld with device position. The largest oat displacement
ratios for the 3a spaced array are over 3 times those measured for the isolated device,
zm,3a = 3.3zm,I. On average over the tested wave-eld, the front device to isolated
device oat displacement ratios are comparable for both array separation distances
(zm,4a = 0.96zm,I compared to zm,3a = 1.0zm,I). Average oat displacement ratios for
the rear device are zm,4a = 1.10zm,I and zm,3a = 1.17zm,I for the 4a and 3a spaced arrays
respectively.
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Figure 4.10: Time-varying measured oat responses of two devices (thick black line:
front device, thick red line: rear device) separated by (a) 4a and (b) 3a. Calculated
oat displacement amplitude ratios of the front and rear devices (black and red markers
respectively) in (c) 4a and (d) 3a spaced arrays compared to an isolated device (dashed
line). (e) Calculated oat displacement amplitude ratios of the front and rear devices
in 4a and 3a spaced arrays. (f) Respective device repeatability over four tests of the
front device in 4a (cross markers) and 3a (circle markers) spaced arrays
Ratios of measured device displacement amplitudes for both the front and rear
devices at both array spacings (zm,4a/zm,3a) indicate that there is a departure from
response similarity with time (Figure 4.10(e)). Dissimilar responses for each device,
dened as 0.85 > zm,4a/zm,3a > 1.15, are mainly associated with measured small am-
plitude wave cycles (am < 0.01 m) following large amplitude wave cycles. Whilst video
footage of the front oat demonstrates that the time variation of device spacing does
occur, such changes are subtle, up to ∆x/a = 4.3 and ∆x/a = 3.1 for the 4a and 3a
spaced arrays respectively. A more likely explanation could be the increased distur-
bance of the wave-eld caused by the motion of both devices. Also, repeatability of
measured front oat displacements over four tests is within 30% for the 3a array and
19.8% for the 4a array. In Figure 4.10(f) repeatability can be seen for the response of
the front device in the 4a and 3a spaced arrays (average values 7.5% and 7.0% respec-
tively) with seemingly erroneously large values related to smaller amplitude oscillation
90
cycles (zm < 0.009 m). It should also be noted that unlike a steady-state regular wave
response, response divergence from other repeat tests may be a cumulative eect which
may occur over several wave cycles.
4.3 Summary
It is well known from linear analysis of arrays of oating bodies that hydrodynamic
interactions occur between structures that are arranged in close proximity. This is due
to the modication of the scattered and radiated wave-elds surrounding each device.
Such interactions are predicted to cause the response of a device within an array to dif-
fer from a device in isolation. However, limited experimental data is available regarding
such interactions, especially for devices subjected to irregular sea states. In this chap-
ter, the response of several arrays of simple mechanically undamped wave devices are
studied. These include a line array of ve devices at 4a centre-to-centre spacing and
an array of two devices at centre-to-centre spacings between 3a and 6a. Incident wave
frequency-dependent behaviour such as attenuation and response symmetry have been
demonstrated using experimental measurements of a line of ve round-ended oats in
head and beam seas congurations. Measurements for two closely spaced devices at a
range of separation distances have also indicated that the level of response alteration
is also largely incident wave frequency-dependent. For example, measured responses
at low frequencies tend to resemble isolated device responses which are only dierent
for wave frequencies close to the device heave natural frequency. Experimental testing
has shown that the clear inuence of device separation distance on hydrodynamic in-
teractions as reported in published literature is less obvious in the case of two devices
unrestrained in surge due to the time variation of spatial position. It is possible that if
a larger separation distance increment was selected (for example, ∆sx = 2a instead of
the ∆sx = a increment used) then a clearer relationship between the device separation
distance and the inuence of hydrodynamic interactions may have been observed. The
possible variation of device response due to repeatability is also likely to have con-
tributed to the measured dierences in response. Similar dierences were measured in
the response of the same devices in two array layouts subjected to an irregular wave-
eld. Some of the mechanically undamped tests involving two closely spaced devices
reported here also feature in a conference paper [93]. Response modications such as
these highlight the possible time-varying inuence of separation distance on the be-
haviour of closely spaced devices.
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Chapter 5
Damped Array
Linear analysis of arrays of wave devices has shown that hydrodynamic interactions can
modify the response of individual devices. In certain wave conditions, interactions may
increase the average power output of an array of devices relative to the same number
of devices in isolation. In Chapter 4, the occurrence of hydrodynamic interactions was
reported for arrays of closely spaced devices separated by centre-to-centre separation
distances of between three to six times the device radius (3a ≤ sx ≤ 6a). The hydro-
dynamic forcing on an individual device in the array is dependent on the inuence of
wave scattering and radiation from multiple devices on the incident wave-eld. Mod-
ication of the wave-eld excitation force will have a direct impact on the motion of
each oat, which through hydrodynamic and mechanical coupling, will aect the level
of power generated. Direct comparisons to simulations based on point absorber theory
are not feasible, as published studies of idealised power take-o systems, for example
by Thomas and Evans [81], are not comparable to the non-linear system simulated in
this study.
To determine the eect of mechanical damping and hydrodynamic interactions on
an array of closely spaced devices, average device power outputs of an array subjected
to regular and irregular wave-elds are evaluated in this chapter. The spatial varia-
tion of power output from individual devices in the array is also investigated. These
two quantities are of particular interest for multiple wave energy converters subjected
to irregular wave-elds. As far as the author is aware, the irregular wave-eld mea-
surements reported in this study represent the rst instance of detailed experimental
analysis being applied to multiple closely spaced devices. Comparison is made between
the average power output of an array of devices and an isolated device through the use
of interaction factors. Array quantities are averaged over an interval corresponding to
the average of all of the device steady-state response intervals. The frequency varia-
tion of the mean response amplitude ratios is determined and time-series analysis of
the measured responses is conducted for the at-bottomed oat geometry. The exper-
imental approach adopted facilitates investigation into the performance of a simulated
non-linear power take-o system in regular and irregular wave-elds. The simulated
power take-o system was subjected to several torque loads up to τm = 0.0215 Nm,
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equivalent to full-scale rated power outputs of up to Prate = 649.9 kW. The three ar-
ray congurations studied in this section are rectilinear with a centre-to-centre device
separation distance of sx = sy = 4a.
In Chapter 3 mechanically undamped and damped responses of isolated devices
with several equilibrium drafts were reported. In mechanically undamped tests of an
isolated device, it was found that the measured response could be directly altered by
changing the oat and counterweight mass combination to change the equilibrium draft
of the device. This was especially apparent when the device was subjected to large am-
plitude, near-focused wave groups. In mechanically damped tests involving zeq = 0.07
m and 0.05 m draft oats, maximum average power outputs and response amplitudes
were similar in magnitude, with clear changes in the peak frequency of the response.
In this chapter the average power outputs and responses of array layouts comprising
oats at three equilibrium drafts are reported.
Incident wave
direction
1 x 4 head
seas array
(a)
Incident wave
direction
(b)
Figure 5.1: Assigned line and marker legends for response, power output and interaction
factor plots relative to the incident wave direction for (a) row and (b) column-averaged
values. In (a) markers for the head seas array of four devices are also shown
To quantify the inuence of the hydrodynamic interactions on device power output,
it is convenient to dene a power interaction factor (q) as the total power output (PA)
from an array comprising Nd devices, divided by the power output from the same
number of devices in isolation (PI):
q =
∑
PA
NdPI
(5.1)
Isolated device values used for this calculation are presented in Section 3.4 of Chap-
ter 3. Assuming that the average power output repeatability of all of the array devices
is similar to a single device (to within 12%), interaction factors presented in this chap-
ter are valid to within ±6%. An interaction factor greater than unity indicates that
the power output of the devices in the array is increased (on average) by the hydrody-
namic interactions. Although widely used, this denition of interaction factor should
not be confused with alternative denitions found in literature. Falnes et al. used an
interaction factor based on radiated power to compare the radiating performance of
a group of devices with an individual device [38]. Babarit modied the conventional
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form of Equation 5.1 to non-dimensionalise both the power absorbed by an array of
devices and an isolated device by the maximum power output of an isolated device [5].
5.1 Mean Response and Power Output
5.1.1 Regular Wave Response
A single column of devices in a head seas conguration (β = 0◦) represents the simplest
case for experimental analysis, as the direct inuence of adjacent oats is only possi-
ble from a maximum of two directions. The radiated and scattered wave-elds from
adjacent devices will also aect the wave-eld in three dimensions, but the number of
hydrodynamic interactions is less than with a two-dimensional array. Four identical
devices arranged in a head seas layout (Figure 2.12) were subjected to wave frequencies
in the range 0.5 Hz ≤ f ≤ 1.5 Hz and wave amplitudes arq = 0.013 m and 0.0188 m. A
oat and counterweight mass combination were selected to give each oat an equilib-
rium draft equal to zeq = 0.05 m (`FB1' in Table 2.3 of Chapter 2). This array layout
was then expanded to include two further columns. Similar response amplitude ratios
for the array of devices, subjected to two drivetrain torque levels, τm = 0.008 Nm and
0.0215 Nm, were recorded for all but the highest incident wave frequencies (Figure 5.2).
This trend was also recorded for an identical isolated device (Section 3.2 of Chapter
3) and for two oats with mechanical undamped drivetrains at the same separation
distance (Section 4.1.2 of Chapter 4). For wave frequencies above f = 1.09 Hz there
is a large variation of response amplitude ratios between the devices at each frequency.
For all of the tested incident wave frequencies, response amplitudes reduce with
increasing dynamometer torque load, and this is especially evident at the highest wave
frequencies. As the torque load is increased, the frequency corresponding to the peak
response reduces from approximately f = 1.22 Hz to f = 0.906 Hz at both wave
amplitudes. Attenuation of the device response was recorded for most wave frequen-
cies greater than the peak response frequency. As a result, progressively less power
is absorbed with increasing device position. This is particularly apparent for the rear
device, with dierences in response amplitude ratio between the front and rear device
of up to ∆|dz| = 1.09 at f = 1.06 Hz and arq = 0.0188 m. At these incident wave
frequencies, the response of the front three devices is similar to the isolated device. In
Section 6.1 of Chapter 6, response attenuation is simulated using linear analysis for
an array of ve round-ended oats. Response variation would not be captured by the
point absorber approximation as changes to the wave force phase are not accounted for.
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Figure 5.2: Variation of response amplitude ratio with incident wave frequency for a
column array of four devices at two wave amplitudes (a, c) arq = 0.013 m and (b,
d) arq = 0.0188 m and simulated generator torque loads (a, b) τm = 0.008 Nm and
(c, d) τm = 0.0215 Nm. Response amplitude ratios are shown for a column array of
four devices; refer to Figure 5.1 for assigned line denitions. Isolated device values are
shown for reference as a dashed line with cross markers
Due to the design of the simulated power take-o system used in this study, the
response of the oat is intrinsically linked to the simulated power output of each device.
The mechanical damping applied to the oat is determined by the level of torque load
applied to the drivetrain by the dynamometer system. Hence there is some similar-
ity between the variations of response amplitude ratio and average power output with
frequency, wave amplitude and mechanical damping variation. Similar low average
power outputs tend to occur for all of the devices at wave frequencies below and above
the frequency at which the maximum response occurs. This is clearest for the highest
drivetrain torque case, with the maximum response frequency close to the centre of
the tested wave frequency range (approximately occurring at f = 0.906 Hz when arq =
0.013 m; Figure 5.2(c)). Uniquely to the largest wave amplitude and highest drive-
train torque case tested (arq = 0.0188 m, τm = 0.0215 Nm) the power output curve
is almost double-peaked with a second maxima located around f = 1.06 Hz (Figure
5.3(d)). Above f = 1.0 Hz reduced performance of the rear device coincides with
higher performance of the front three devices, with power output attenuation occuring
at certain wave frequencies. Increases in the average output power with increasing
wave amplitude are most apparent for frequencies close to the main response peak.
At the highest and lowest wave frequencies away from the resonant frequency of the
devices, such dierences with changes to the wave amplitude are less clear.
Specifying a higher drivetrain torque load does not always result in a higher power
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output due to a frequency shift of the peak response (Figure 5.3). This was also demon-
strated for an isolated device subjected to three drivetrain torque loads, as discussed in
Section 3.4.1 of Chapter 3. Lower average power outputs of the four device array were
recorded for the higher torque load case for frequencies above f = 1.16 Hz at arq =
0.0188 m and for most frequencies above f = 1.03 Hz at arq = 0.013 m. At higher
incident wave frequencies, higher levels of mechanical damping mean that each oat is
unable to respond to rapid changes in hydrodynamic forcing, leading to reduced heave
motions and increased pitching. The average power outputs calculated imply that the
device power capture bandwidth can be broadened by altering the drivetrain torque
(and so mechanical damping applied to the oat) in response to the measured incident
wave-eld. Several methods have been proposed to `tune' WEC devices to the prevail-
ing sea conditions, avoiding a narrow capture bandwidth in order to maximise power
output. These include slow tuning, optimal reactive control and suboptimal latching
control [88, 13, 37].
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Figure 5.3: Variation of calculated average power output with incident wave frequency
for a column array of four devices at two wave amplitudes (a, c) arq = 0.013 m and (b,
d) arq = 0.0188 m and simulated generator torque loads (a, b) τm = 0.008 Nm and (c,
d) τm = 0.0215 Nm. Refer to Figure 5.1 for assigned line denitions
Using the isolated device average power output values presented in Figure 5.3, in-
teraction factors were calculated for each device in the 1 x 4 array layout (Figure 5.4).
For the τm = 0.008 Nm torque load case at both wave amplitudes, the average perfor-
mance of the array is close (within 10.8%) to that of the isolated device for frequencies
below f = 1.25 Hz. Large interaction factors greater than q = 1.5, corresponding with
reduced performance of the isolated device, are evident for the front two devices at
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certain frequencies above f = 1.16 Hz. Over the tested range of wave frequencies,
array average interaction factors vary from 1.0 to 0.4 at arq = 0.0188 m. For the higher
torque load case (τm = 0.008 Nm), there is a greater variability of interaction factors
at each frequency, with array average values varying from 1.2 to 0.6. The ndings
presented in this section are for one incident wave heading only and a xed device
spacing (sx = 4a), but the apparent balancing mechanism of positive interactions at
one wave frequency and negative interactions at another is demonstrated in agreement
with previous array research [38, 81, 11].
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Figure 5.4: Calculated interaction factors for a column array of four devices at two wave
amplitudes (a, c) arq = 0.013 m and (b, d) arq = 0.0188 m and simulated generator
torque loads (a, b) τm = 0.008 Nm and (c, d) τm = 0.0215 Nm. Refer to Figure 5.1 for
assigned line denitions
To determine the inuence of two-dimensional hydrodynamic interactions on indi-
vidual device response and power output, two additional columns of identical devices
were positioned, one on either side of the 1 x 4 array layout. This larger array lay-
out, comprising twelve devices, was subjected to the same regular wave conditions as
the 1 x 4 array layout and isolated device. Comparatively, the responses of the rear
three devices in the central column of the 3 x 4 array are lower than the front device
and isolated device for most of the tested wave frequencies above f = 1.0 Hz at both
wave amplitudes (Figure 5.5). The incident wave frequency at which response ampli-
tude and average power output similarity between adjacent devices both disappear is
around f = 1.0 Hz for the central column of the 3 x 4 array at arq = 0.013 m (Figure
5.6). The frequency at which response similarity disappears is lower for the 1 x 4 array,
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at around f = 1.19 Hz for the same wave amplitude. For the highest tested wave
frequencies at arq = 0.0188 m, the dierence in response amplitude ratio between the
front and rear devices of the central column is higher than that for the same devices in
the 1 x 4 array (93.7% at f = 1.31 Hz, compared to 71.2% at f = 1.34 Hz). Similarly,
at the highest wave frequencies, average power outputs for the front device in the 3 x
4 central column are higher than those for the 1 x 4 array front device by up to 53.2%.
These measured responses demonstrate that the response of a single column array of
four devices subjected to head seas will be signicantly altered by placing additional
columns on either side of the array.
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Figure 5.5: Variation of response amplitude ratio with incident wave frequency at two
wave amplitudes (a) arq = 0.013 m and (b) arq = 0.0188 m with a simulated generator
torque load τm = 0.008 Nm. Response amplitude ratios are shown for the central
column of a 3 x 4 array of zeq = 0.05 m draft oats; refer to Figure 5.1 for assigned line
denitions. Isolated device values are shown for reference as a dashed line with cross
markers
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Figure 5.6: Variation of calculated average power output with incident wave frequency
at two wave amplitudes (a) arq = 0.013 m and (b) arq = 0.0188 m with a simulated
generator torque load τm = 0.008 Nm. Average power outputs are shown for the central
column of a 3 x 4 array of zeq = 0.05 m draft oats. Refer to Figure 5.1 for assigned
line denitions. Isolated device values are shown for reference as a dashed line with
cross markers
Row (q
rm
) and column (q
cm
) averaged interaction factors of the 3 x 4 array vary
more with incident wave frequency at the smaller tested wave amplitude (Figure 5.7).
This is particularly apparent for those devices which are associated with large response
amplitude ratios. Row-averaged values of up to 2.7 (at f = 1.44 Hz, close to the
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Figure 5.7: Calculated (a, c) row-averaged and (b, d) column-averaged interaction
factors for a 3 x 4 array of zeq = 0.05 m draft oats subjected to regular waves of
amplitude (a, b) 0.013 m and (c, d) 0.0188 m. Refer to Figure 5.1 for assigned line
denitions. For comparison between each case, array-averaged values are shown as a
solid line with cross markers
heave natural frequency; f3 = 1.4 Hz) are partly due to the higher performance of the
array devices at these frequencies, but also the time required for the array to reach
a steady state compared to an isolated device. The calculated steady-state interval
for an isolated device commences ∆t = 4.3 s after the rst fully developed wave cy-
cle was measured, corresponding to a response amplitude ratio equal to |dz| = 0.56.
For the array, the average interval commences after ∆t = 8.1 s, by which time the
response amplitude has continued to increase to |dz| = 1.54 (Figure 5.5(a)). At the
higher tested wave amplitude, the general trend is for array-averaged values to reduce
with increasing wave frequency from around 1.0 to 0.6 at f = 0.5 Hz and 1.5 Hz
respectively. Perhaps due to the recorded variability of device response at the lower
wave amplitude, array-averaged interaction factors appear to increase for particular
high frequencies. Divergence of device performance between the front and rear devices
at the highest tested wave frequencies is less apparent at the higher wave amplitude.
Column-averaged interaction factors are to within 13.4% for frequencies below f =
0.969 Hz at both wave amplitudes.
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Figure 5.9: Calculated (a, c) row-averaged and (b, d) column-averaged interaction
factors of a rectangular array of twelve oats at zeq = 0.07 m draft subjected to regular
waves of amplitude (a, b) arq = 0.013 m and (c, d) arq = 0.0188 m. Refer to Figure
5.1 for assigned line denitions. For comparison, array-averaged values are shown as a
solid line with cross markers. In (a, b) averaged values from a zeq = 0.04 m oat draft
array are shown as dashed lines with cross markers respectively
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Figure 5.8: Variation of response amplitude ratio with incident wave frequency at two
wave amplitudes (a) arq = 0.013 m and (b) arq = 0.0188 m with a simulated generator
torque load τm = 0.008 Nm. Response amplitude ratios are shown for the central
column of a 3 x 4 array of zeq = 0.07 m draft oats: refer to Figure 5.1 for assigned
line denitions. Isolated device values are shown for reference as a dashed line with
cross markers
For the central column of a 3 x 4 array of deeper draft oats (zeq = 0.07 m), the
frequency variation of response amplitude ratio is similar to the zeq = 0.05 m draft
array over the tested frequency range, 0.5 ≤ f ≤ 1.13 Hz (Figure 5.8). Float and coun-
terweight masses for this oat draft (`FB2'), can be found in Table 2.3 of Chapter 2.
For many of the tested wave frequencies above f = 1.0 Hz, the response of all devices
100
in this column is lower than the zeq = 0.05 m draft array by up to 68%, with response
attenuation evident. At both wave amplitudes, the response of devices in the array are
lower than an identical isolated device, by up to 85.1% for the central device of the
rear row at f = 1.09 Hz. Most calculated array-averaged interaction factors are close
to unity (±30%) across the tested frequency range for both wave amplitudes (Figure
5.9). For wave frequencies less than 0.969 Hz the ranking of absorbed power per row is
dependent on the incident wave frequency. Above this frequency, attenuation of row-
averaged absorbed power occurs; progressively less power is absorbed with increasing
row-number. For most frequencies greater than 0.688 Hz the central column of devices
on average produces less power than the outer columns. If the interaction values in
Figure 5.9(c) and (d) are compared to those from smaller amplitude wave tests, arq =
0.013 m in Figure 5.9 (a) and (b), there is a greater variation between rows across the
frequency range for the lower amplitude case. Compared to the 3 x 4 array of zeq =
0.05 m oats, there is a similar reduction of array-averaged interaction factors with
increasing wave frequency for the higher wave amplitude case: from 1.0 to 0.7 at f =
0.5 Hz and 1.13 Hz respectively.
The lack of variation of interaction factors across the tested frequency range is
probably due to the fact that the heave natural frequency of each device (f
3
= 1.2 Hz
approximately, calculated using radiation added mass values obtained from WAMIT) is
above the tested range of wave frequencies. Larger interaction factors were also ob-
served for an array comprising oats of the same geometry, but with a dierent mass
combination (zeq = 0.04 m, listed as `FB8' in Table 2.3 of Chapter 2). Average power
outputs of this array, which had an additional tethering system between the lower heave
natural frequency oats, (f3 = 0.9 Hz approximately) are reported by Stallard et al.
in [72]. Interaction factors for this array are higher than unity and also higher than
the calculated interaction factors for the zeq = 0.07 m array for most wave frequencies
(Figure 5.9(a) and (b)). The maximum response of the oats in the zeq = 0.04 m
draft array occurs at a frequency a little less than the device heave natural frequency,
whereas the maximum response of the isolated oat occurs close to f = 0.938 Hz. This
explains the reduction in interaction factors near to this frequency.
Calculated response amplitude ratios and average power outputs for two array lay-
outs and three oat drafts (zeq = 0.04 m, 0.05 m and 0.07 m) have demonstrated that
the average performance of array devices will dier from the same number of widely
spaced devices. For low to mid wave frequencies, average power outputs are the same
for all zeq = 0.05 m oat draft devices in the 1 x 4 and 3 x 4 array layouts and are
comparable to the measured performance of an isolated device. In Chapter 6, compar-
isons are made between measured and simulated linear responses for a mechanically
undamped array of ve round-ended oats. The greatest agreement between measured
and simulated responses was found to occur over a similar frequency range. If the
non-linear power take-o system used to carry out the experiments can be represented
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as a harmonic system, then simulations of power output based on linear theory may
be comparable. Comparisons are made in Section 5.4 between an idealised harmonic
power take-o system and the non-linear one used for the experiments reported in this
study. Whilst linear theory can simulate response amplitude attenuation, the challenge
remains how to account for the measured power output attenuation observed at high
wave frequencies.
5.1.2 Irregular Wave Response
The measured performance of devices subjected to regular wave conditions provides
useful test cases for comparison with simplied numerical simulations. However, regu-
lar wave conditions are less realistic than actual sea states due to the inuence of swell
and wind generated waves. Introduced in Section 2.3.1, the single-peaked Bretschneider
spectral representation of an irregular wave-eld was used for the majority of mechan-
ically damped tests. For comparison with the regular wave responses, many of the
irregular wave conditions generated in the ume can be equated to the signicant wave
height and peak period of regular wave-elds tested. To recap, the signicant wave
height (Hs) is dened in terms of the zero mean variance of the spectrum (m0) which
can be related to the required regular wave amplitude through the following equation:
Hs = 2arq
√
2 = 4
√
m0 (5.2)
Using this relationship, the regular and irregular wave-elds are matched in terms
of the signicant wave height, but not in terms of the energy content of each spectrum.
All of the average power outputs reported in this section are calculated over an interval
of length ∆t = 64 s to include all of the frequency and amplitude components of the
irregular wave spectrum.
Average power outputs were calculated for a column array of four devices compris-
ing zeq = 0.05 m draft oats, subjected to irregular wave elds with two signicant
wave heights. Through Equation 5.2, the signicant wave heights, Hs = 0.0368 m
and 0.0532 m, are equivalent to the regular wave conditions reported in Section 5.1.1.
Float and counterweight masses for this oat draft (`FB1') can be found in Table 2.3
of Chapter 2. The peak frequency variation of average power outputs is clearly dif-
ferent from the regular wave-eld frequency variation (Figure 5.10). Instead of one
main power output peak with several smaller peaks at lower and higher frequencies
(for example Figure 5.3(a) and (b)), the irregular wave frequency variation resembles
one smooth peak. Also, power output attenuation is apparent for all incident wave
frequencies, but this is clearer for the higher signicant wave height tested. At the
lower end of the tested frequency range (0.5 ≤ f ≤ 0.969 Hz), the average power
outputs of all of the array devices subjected to an irregular wave-eld are consistently
higher than when subjected to an equivalent regular wave-eld. Over this frequency
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Figure 5.10: Calculated average power values of a column array of four zeq = 0.05
m draft oats subjected to irregular wave-elds of signicant wave height (a) Hs =
0.0368 m and (b) Hs = 0.0532 m. Refer to Figure 5.1 for assigned line denitions. For
comparison between each case, values of an identical isolated device are shown as a
dashed line with cross markers
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Figure 5.11: Calculated interaction factors for a column array of four zeq = 0.05 m draft
oats subjected to irregular wave-elds of signicant wave height (a) Hs = 0.0368 m
and (b)Hs = 0.0532 m. Refer to Figure 5.1 for assigned line denitions. For comparison
between each case, array-averaged values are shown as a solid line with cross markers
range, the average regular and irregular wave-eld power outputs dier by up to 68.7%.
Array average interaction factors are similar for both spectra, varying from approx-
imately 1.0 to 0.7 across the tested frequency range (Figure 5.11). It is only the rst
device which has a higher performance than the isolated equivalent for all but a few
of the highest wave frequencies: for example PA,1 = 1.2PI at f = 1.19 Hz and Hs =
0.0368 m. The sharp increase of interaction factors for all rows at this frequency cor-
responds to reduced performance of the isolated device (Figure 5.10(a)). Apart from
a few frequencies in the middle of the tested range for the second device, all of the
devices located behind the rst device produce less power than the isolated device: for
example PA,4 = 0.5PI at f = 1.31 Hz and Hs = 0.0532 m.
Row and column-averaged interaction factors were calculated for a 3 x 4 array of
zeq = 0.05 m draft oats subjected to the same irregular wave conditions as the 1 x
4 array (Figure 5.12). The array-averaged trend is similar to that associated with the
four device array, but with lower magnitudes; a gradual decline with increasing incident
wave frequency from around 0.9 to 0.6. As with the 1 x 4 array layout, there is a large
dierence between the row-averaged interaction factors at each wave frequency, espe-
103
0.5 1 1.50
0.5
1
1.5
 
q r
m
 f, Hz
(a)
0.5 1 1.50
0.5
1
1.5
 
q c
m
 f, Hz
(b)
0.5 1 1.50
0.5
1
1.5
 
q r
m
 f, Hz
(c)
0.5 1 1.50
0.5
1
1.5
 
q c
m
 f, Hz
(d)
Figure 5.12: Calculated (a, c) row-averaged and (b, d) column-averaged interaction
factors of a rectangular 3 x 4 array of zeq = 0.05 m draft oats subjected to irregular
wave-elds of signicant wave height (a, b) H
s
= 0.0368 m and (c, d) H
s
= 0.0532 m.
Refer to Figure 5.1 for assigned line denitions. For comparison, array-averaged values
are shown as a solid line with cross markers
cially for the front row; up to 30.8% between adjacent rows. For the larger 3 x 4 array,
interaction factors for the front row increase with wave frequency above f = 0.938
Hz. This corresponds with increased power output attenuation through the array, with
interaction factors close to q = 0.25 for the fourth row. At the lower signicant wave
height the large peak of interaction factors at f = 1.19 Hz corresponds with reduced
performance of the isolated device at this frequency. As with the calculated regular
wave interaction factors, column-averaged interaction factors for both signicant wave
heights show a reduction in variability with increasing spectral energy. At the higher
signicant wave height, symmetry of the outer columns is apparent for most of the
tested frequency range below f = 1.31 Hz, coinciding with lower performance of the
central column when this is the case. From observation the lower average performance
of the central column was probably due to inactivity of the central device of the fourth
row. Generally, both sets of interaction factors are similar despite the dierences in
incident wave conditions.
A 3 x 4 array of devices comprising zeq = 0.07 m draft oats was subjected to an
irregular wave spectrum with the same peak frequencies and signicant wave height
(H
s
= 0.0368 m) as the regular wave conditions reported in Section 5.1.1. Float and
counterweight masses for this oat draft (`FB2') can be found in Table 2.3 of Chapter
2. When analysing the mean power absorption values of the twelve device array, dif-
ferences of up to 8.4% were recorded from four successive sets of irregular wave data
at four frequencies and one signicant wave height. Unlike the regular wave values,
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Figure 5.13: Calculated (a, c) row-averaged and (b, d) column-averaged interaction
factors for a rectangular 3 x 4 array of zeq = 0.07 m draft oats subjected to irregular
wave-elds of signicant wave height (a, b) H
s
= 0.0368 m and (c, d) H
s
= 0.026 m.
Refer to Figure 5.1 for assigned line denitions. For comparison between each case,
array-averaged values are shown as a solid line with cross markers. In (a, b) averaged
values from a zeq = 0.085 m oat draft array are shown as dashed lines with cross
markers
clear power output attenuation occurs with an almost constant ratio between the rows
across the frequency range (Figure 5.13(a)). Low performance of the fourth row is
suggested with both signicant wave heights, since it contributes approximately half
of the power output of the front row. Referring to Figure 5.13(b) all central devices
produce less power than the outer devices on the same row, similar to the regular wave
performance of the array. Despite some asymmetry of individual outer devices in the
rst and fourth rows (up to 13.2%), the outer column averages suggest approximate
symmetry about the array centreline across the tested frequency range. Array-averaged
values for a deeper draft oat array (zeq = 0.085 m) are consistently higher, ranging
from 1.0 to 0.8 across the tested frequency range. Float and counterweight masses for
this oat draft; (`FB4') can be found in Table 2.3 of Chapter 2.
Comparable row and column-averaged trends were recorded for a lower energy spec-
trum, H
s
= 0.026 m (Figure 5.13(c) and (d)). Row-averaged power output attenuation
occurs for the full frequency range tested, with dierences between adjacent rows of
up to 25.4%. This corresponds with front row interaction factors of up to 1.2 at f =
0.625 Hz (Figure 5.13(c)). Central column-averaged values are lower than their outer
column counterparts and symmetry of the outer columns is less evident for the lower
energy spectrum.
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Figure 5.14: Calculated (a) row-averaged and (b) column-averaged power output ra-
tios (P
0.05
/P
0.07
) between zeq = 0.05 m and zeq = 0.07 m draft oats positioned in
a rectangular 3 x 4 array and subjected to irregular waves of signicant wave height
H
s
= 0.0368 m. Refer to Figure 5.1 for assigned line denitions. For comparison,
array-averaged and isolated device values are shown as solid and dashed lines with
cross markers respectively
Of interest to a wave energy system developer is how the variation of immersed
oat geometry and system masses inuence the average power output of a device in a
realistic sea state. To recap, the response of two 3 x 4 array layouts comprising oats
of equilibrium drafts, zeq = 0.05 m and 0.07 m were subjected to identical irregular
wave-elds. Through the use of an average power output ratio (P
0.05
/P
0.07
), compar-
isons can be made between row and column-averaged performance. Array-averaged
values for the zeq = 0.05 m draft oat are larger than the zeq = 0.07 m draft oat for
wave frequencies greater than f = 0.875 Hz, reaching P
0.05
/P
0.07
= 1.4 at f = 1.13
Hz (Figure 5.14). There is a general increasing trend for all of the array rows with
increasing wave frequency which is related to the respective heave natural frequencies
of each oat draft, (f3 = 1.4 Hz for the zeq = 0.05 m draft oat and f3 = 1.2 Hz for
the zeq = 0.07 m draft oat). The magnitude and frequency at which the zeq = 0.05 m
draft array produces more power on average than the zeq = 0.07 m draft array is not
constant for all of the array rows. The frequency at which P
0.05
> P
0.07
ranges from
0.75 Hz to 1.0 Hz, but is approximately centred around the cross-over frequency of the
isolated device at f = 0.875 Hz. This implies that whilst an individual device will pos-
sess a heave natural frequency, when multiple devices are placed in a close proximity
each row and column will have a slightly dierent peak response frequency, which is
dependent on array location.
It is also of interest to device developers to determine which irregular and regular
wave conditions result in comparable average power outputs for a wave energy device,
or array of devices. This is primarily because harmonic responses are more straight-
forward to model numerically than irregular wave responses. For one signicant wave
height, H
s
= 0.0368 m, the calculated average power outputs of a 3 x 4 array of zeq =
0.07 m draft devices subject to irregular and regular wave conditions are compared.
Calculated average power outputs indicate that there is a gradual decline of the ratio
between irregular and regular wave power values (P
iw
/P
rw
) with increasing peak fre-
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Figure 5.15: (a) Calculated ratios of average power output values of a rectangular
3 x 4 array of zeq = 0.07 m draft oats (thick blue line, diamond markers) and an
isolated device (thick dashed line, cross markers) in irregular and regular wave-elds
of equivalent peak frequency and related through the signicant wave height H
s
=
0.0368 m. (b) Array-averaged power outputs in the tested regular and irregular wave
conditions (red and blue solid lines). For wave-eld equivalence in terms of energy
period, frequency shifted (+1.14f) irregular wave-eld values (blue dashed line) are
also shown
quency (Figure 5.15(a)). For most frequencies, ratios are higher for the isolated device
than the array. The power captured by a device is typically lower for short period ir-
regular wave conditions than regular wave conditions of equivalent peak frequency and
signicant wave height. The opposite is true for long period waves with peak frequen-
cies lower than 0.875 Hz. The low amplitude response of an isolated device or array
of devices subjected to low frequency regular wave-elds leads to lower average power
outputs than from irregular wave-elds with an equivalent peak frequency. Dierences
in performance can be explained by looking at the time variation of power output for
the array devices, which are similar to the isolated device, as reported in Section 3.5
of Chapter 3.
As mentioned in the introduction to Section 5.1.2, the irregular wave conditions
tested in this chapter are dened by signicant wave heights which are related, for
comparative purposes, to the amplitudes of certain regular wave-elds tested. Both
wave-eld types are matched in terms of the peak frequency, hence they are not matched
in terms of spectral energy distribution in the frequency domain. As the energy period
of the Bretschneider spectrum is slightly lower than the peak period, the average power
outputs presented here should therefore only be used as a guide and further testing
would be required before direct comparisons can be made. With the required frequency
shift employed to match the regular and irregular wave-elds in terms of energy pe-
riod (+1.14f), the peak response frequency is similar for both wave conditions (Figure
5.15(b)). This shift would have some slight inuence on the magnitude of P
iw
/P
rw
ratios, but clearly the irregular wave-eld average power outputs are still lower than
the regular wave values for all of the tested wave frequencies.
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5.2 Spatial Variation of Power Output
Row and column-averaged response amplitudes and average power outputs have been
quantied for one 1 x 4 array layout and several 3 x 4 array layouts subjected to regular
and irregular wave conditions. Whilst row and column-averaged values go some way to
show performance variation across an array of closely spaced devices, the contribution
of individual devices is not immediately obvious. In this section, the spatial variation
of interaction factors is investigated for several wave conditions.
5.2.1 Regular Wave Interaction Factors
When scrutinising the regular wave frequency variation of power output and interaction
factor at one wave amplitude, arq = 0.0188 m, two distinct trends are apparent. The
rst is average power output similarity at low incident wave frequencies (for example
in Figure 5.6(a) and (b)). For wave frequencies below f = 0.813 Hz, interaction factors
of all devices in the array are to within 20.3% for the zeq = 0.05 m draft array and
14.2% for the zeq = 0.07 m draft array (Figure 5.16(a) and (c)). At f = 1.22 Hz for
the 3 x 4 array of zeq = 0.05 m draft oats, clear row-averaged response and average
power output attenuation occur (Figure 5.7(c)), but this masks the spatial variation of
performance across the array (Figure 5.16(b)). Although there is an even distribution
of average performance for the front row, producing more power than the same number
of isolated devices, the dierence between interaction factors for the outer column de-
vices in the third row is 41.5%. To a lesser extent this asymmetry of the outer column
devices in the third and fourth rows is also demonstrated for the zeq = 0.05 m draft
array at f = 1.03 Hz (Figure 5.16(d)).
In both oat draft cases for f > 1.19 Hz, the average power output of the central
device in the rear row is mostly lower than both of the adjacent devices, with inter-
action factors as low as q = 0.05 calculated, corresponding with qrm = 0.07 for the
rear row (Figure 5.7(c)). In the previous section, comparisons were made between the
average power output performance of zeq = 0.07 m and 0.04 m draft oat arrays at a
lower wave amplitude, arq = 0.013 m. For the zeq = 0.04 m draft oat array, the array
average trend of interaction factor with incident wave frequency is clearly dierent from
the zeq = 0.07 m draft oat array. This is due to the spatial variation of device perfor-
mance in both array layouts (Figure 5.16(e)). In the zeq = 0.04 m draft case, all outer
column device interaction factors are asymmetric (by up to 76% in the third row), and
it is unlikely that current state-of-the-art simulations based on linear theory would be
able to capture this variation. Compared to the spatial variation of performance for
the zeq = 0.05 and 0.07 m draft array layouts, performance balancing between adjacent
devices is more apparent for the wave frequency depicted. For example in the direction
of wave propagation, low performance of the central device in the front row, q = 0.95,
occurs simultaneously with higher performance of the adjacent devices in the second
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and third rows, q = 1.73 and 2.19. In the fourth row the central device performance is
considerably lower, q = 0.16, probably balanced with higher performance of the front
three rows.
0.880.91 0.89
0.830.93 0.85
0.891.01 0.93
0.80
0.92
0.86
(a)
0.821.04 0.95
0.531.0 0.75
0.481.02 0.81
0.54
0.1
0.41
(b)
0.890.96 0.91
0.850.92 0.89
0.940.99 0.91
0.86
0.85
0.87
(c)
0.790.98 0.82
0.610.99 0.85
0.830.93 0.84
0.64
0.38
0.55
(d)
2.332.91 1.55
2.190.95 1.73
0.561.24 1.79
0.33
0.16
0.66
(e)
Figure 5.16: Spatial variation of interaction factors for a 3 x 4 array of (a, b) zeq =
0.05 m, (c, d) zeq = 0.07 m and (e) zeq = 0.04 m draft oats subjected regular waves of
amplitude (a-d) arq = 0.0188 m and (e) arq = 0.013 m. Interaction factors are shown
for incident wave frequencies (a, c) f = 0.719 Hz, (b) f = 1.22 Hz, (d) f = 1.03 Hz
and (e) f = 0.875 Hz. The direction of wave propagation is indicated by an arrow
5.2.2 Irregular Wave Interaction Factors
The row-averaged interaction factors presented in Section 5.1.2 suggest virtually unan-
imous average power output row attenuation for several array congurations subjected
to irregular wave-elds. Symmetry of device performance in the outer columns of each
row is also less obvious at the lowest tested wave frequencies, varying by up to 29.3%
and 14.3% for the zeq = 0.05 and 0.07 m draft arrays respectively (Figure 5.17(a) and
(b)). As with the spatial variation of regular wave interaction factors, uniformity of
response across each array row is more obvious at the mid to high tested wave fre-
quencies for both oat draft 3 x 4 arrays (Figure 5.17(c) and (d)). Lower performance
of the central device in each row at the higher tested wave frequencies can also be
seen through the lower central column averages in Figure 5.12(b) and Figure 5.13(b).
Asymmetry of outer column interaction factors is evident for an array of zeq = 0.085 m
draft oats, with variations of up to 26.5% across each row calculated (Figure 5.17(e)).
Balancing of the average power outputs in the direction of wave propagation is also
apparent. These calculated interaction factors suggest that disparity between the per-
formance of adjacent devices is less obvious if most device power outputs are close to
the average for the array.
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Figure 5.17: Spatial variation of interaction factors for a 3 x 4 array of (a, b) zeq =
0.05 m, (c, d) zeq = 0.07 m and (e) zeq = 0.085 m draft oats subjected to irregular
waves of signicant wave height Hs = 0.0368 m. Incident wave frequencies (a, c) f =
0.688 Hz, (b) f = 1.19 Hz and (d, e) f = 0.875 Hz. The direction of wave propagation
is indicated by an arrow
5.3 Time Variation of Power Output and Response
The small-scale simulated power take-o system used for the experiments reported in
this study is highly non-linear meaning that device response and power output will both
dier from a harmonically oscillating system. As has been demonstrated in Chapter
3 for an isolated device subjected to regular waves, the time required for the device
response to reach a steady state is highly dependent on the incident wave frequency. In
Chapter 4, it was shown that for an array of closely spaced devices, the time required
is also dependent on the location of the device in the array. As will be seen in Section
6.2 of Chapter 6, similarity between steady-state device behaviour in regular waves
and short-term irregular wave-eld response can only be assumed in certain situations.
In this section, the time-varying response and power output of devices in a number of
array congurations are investigated.
The time-averaged power output of a device is dependent on the oscillation ampli-
tude of the oat. Therefore the average power output dierences presented in Section
5.1.1 can be explained by looking at measured time-varying oat responses in more
detail. Central column responses of the 3 x 4 array (τm = 0.008 Nm) correspond to
the average power outputs at f = 0.719 Hz and 1.22 Hz plotted in Figure 5.6(b) and
interaction factors in Figure 5.16(a) and (b). For low wave frequencies, for example at
f = 0.719 Hz, the devices in the central column require between ∆t = 2.8 s and 8.5 s
after the rst fully developed wave cycle is measured to reach a steady state (Figure
5.18(a)). However, the time variation of power output when the array-averaged interval
commences is similar for all devices in the central column, resulting in similar average
power outputs, to within 10.5% (Figure 5.18(b)). At higher wave frequencies close to
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Figure 5.18: Measured time-varying (a, c) oat displacements and (b, d) power outputs
of devices in the central column of a 3 x 4 array of zeq = 0.05 m draft oats subjected
to regular waves of amplitude 0.0188 m and two frequencies; (a) f = 0.719 Hz and
(b) f = 1.22 Hz. Refer to Figure 5.1 for assigned line denitions. The start of the
steady-state interval is shown for each device as a vertical coloured line, with the start
of the averaged interval shown as a black vertical line
the heave natural frequency of the device, for example at f = 1.22 Hz, oat responses
are larger and take longer to reach a steady state, between ∆t = 4.8 s and 14.1 s (Figure
5.18(c)). As the array response gradually builds with time, there is an increasing dis-
parity between adjacent devices in the direction of wave propagation. When response
and power output attenuation occur, the selected array-averaged interval will capture
this divergence in performance. As is the case at f = 1.22 Hz, large dierences in the
power output of adjacent column devices of up to 89.5% are possible. The observed
frequency variation of the time required for individual devices in the array to reach a
steady state was also noted for various mechanically undamped devices in the previous
two chapters. It is an important observation, because time-averaged linear simulations
of regular wave response assume that each device has already reached a steady-state,
thus ignoring the development of response transients. The suitability of this assump-
tion will be further investigated for a single device subjected to an irregular wave-eld
in the next chapter.
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Figure 5.19: Measured time-varying oat displacements (thick lines) of a column array
of four oats with a drivetrain torque equal to τm = 0.0215 Nm subjected to regular
wave-elds of amplitude 0.0188 m and frequencies (a) f = 0.781 Hz, (b) f = 0.813
Hz, (c) f = 0.844 Hz and (d) f = 0.875 Hz. Refer to Figure 5.1 for assigned line
denitions. The Hilbert transform of surface elevations measured by WG5 in front of
the array and WG1 behind the array are shown as a thin red and black lines. The
approximate commencement of swinging motions is shown for each device as a vertical
line
When a simulated generator torque load of less than τm = 0.016 Nm is used for
each device in the 1 x 4 array, measured oat responses remain steady after a partic-
ular time interval. However, as with the isolated device with a large drivetrain torque
load (τm = 0.024 Nm), devices in the array (τm = 0.0215 Nm) undergo a transition
from steady-state heave motions to swinging motions. These swinging motions are
characterised by measured alternate high and low amplitude response cycles and were
observed for incident wave frequencies between 0.781 Hz and 0.906 Hz (Figure 5.19).
The time required for the swinging mode to commence is not only dependent on the
incident wave frequency but also device location in the array. Signicantly, the pres-
ence of this second mode of motion does not always correspond with a change in the
measured wave-eld downwave of the array. Changes to the wave-eld could indicate
the inuence of waves reected from the beach. Measured surface elevations by wave
gauges in up- and downwave positions indicate that both positive and negative changes
to the wave amplitude do occur (Figure 5.19). However, the time required for reected
waves to reach the rear device position is between ∆t = 25.6 s and 30.7 s over the
observed frequency range. Hence, there is no obvious relationship between the time at
which the measured wave amplitude changes and the onset of swinging motions.
At certain irregular wave frequencies there is a dierence between the outer and
central column calculated average interaction factors presented in Figure 5.13(b) for a
3 x 4 array. These dierences can be explained by the time-varying oat responses of
particular devices in each column. Two wave conditions were selected as examples of
similar and dissimilar outer column-averaged interaction factors for the 3 x 4 array of
zeq = 0.07 m draft oats (f = 0.688 Hz and 0.875 Hz respectively; Figure 5.20). The
lower peak frequency oat responses in Figure 5.20(a) are similar in terms of both am-
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Figure 5.20: Measured time-varying (a, c) oat displacements and (b, d) power outputs
of devices in the front row of a 3 x 4 array of zeq = 0.07 m draft oats. Responses of
devices in the left (thick red line), central (thick blue line) and right (thick green line)
columns, subjected to an irregular wave-eld of signicant wave height H
s
= 0.0368 m
and frequencies (a, b) f = 0.688 Hz and (c, d) f = 0.875 Hz
plitude and phase, leading to a similar time variation of power output (Figure 5.20(b)).
During certain oscillation cycles, for example between t = 21.0 s and 24.0 s, the instan-
taneous power output of the central device is up to 39.6% lower than from the outer
column devices. At f = 0.875 Hz, the responses of all three devices in the third row are
less similar, with asymmetry of the outer devices apparent during particular oscillation
cycles leading to a greater variation of the instantaneous power output (Figure 5.20(c)
and (d)) .
5.4 Harmonic Power Comparisons
To numerically simulate the power take-o system of a wave energy device it is con-
venient to assume that the device is a harmonic oscillator. This allows linear analysis
to be applied to the wave excitation part of the equation of motion. The experimental
drivetrain used in this study to represent a possible full-scale power take-o system
comprises a number of mechanical components including a clutch and ywheel. As
outlined in Chapter 2, the clutch is only engaged when the oat pulley and drive
angular velocities are equal and of the same sign (ω
f
= ω
d
). The oat is therefore sub-
jected to intermittent mechanical damping that is velocity dependent, hence the power
take-o system is highly non-linear. A study involving a hydrodynamic time domain
model coupled to a Simulink-based model of the drivetrain has produced comparable
device performance to experimental measurements at some wave frequencies [54]. A
key question is whether a non-linear power take-o system can be represented by a
simple harmonic representation of a power take-o system capable of absorbing the
same energy (E ≈ Eh).
In this section the level of mechanical damping that an isolated oat experiences is
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quantied from small-scale regular wave experiments and used to calculate the energy
absorbed by a single device. These values are then compared to harmonic representa-
tions of absorbed energy. For the experimental model, oat and counterweight masses
(m
f
= 1.0 kg and m
c
= 0.4 kg) were selected to give an equilibrium draft equal to zeq =
0.05 m, listed as `FB1' in Table 2.3 of Chapter 2. A current load of I
gen
= 100 mA,
equivalent to P = 207 kW full-scale at the rated drivetrain speed, was applied to the
drivetrain motor. When current is applied to the motor to simulate generator torque,
the oat is mechanically damped for a short interval as it descends. The duration of
this interval is dependent on the incident wave frequency and the angular velocity of the
oat pulley in relation to the ywheel velocity. As reported in Section 3.1 of Chapter
3, the time required for the oat response to become periodic (i.e. without signicant
transients) is dependent on how close the incident wave frequency is to the natural
frequency of the oscillating system. For this reason, the analysis here is based on ten
oat displacement cycles selected once the oat response is approximately steady-state,
using the second method outlined in Section 2.4.2 of Chapter 2. Measurements from a
series of regular wave tests at one wave amplitude (a
rq
= 0.013 m) and 33 equispaced
frequencies ranging from 0.5 ≤ f ≤ 1.5 Hz were analysed.
The average level of mechanical damping (Rm,2) experienced by the oat is esti-
mated from the average power output at each wave condition, using the measured oat
velocity (Um) averaged over the steady-state interval (Figure 5.21(a)), such that:
Rm,2 =
2P
U2m
=
2I
A
kT ω¯d
U2m
(5.3)
To recap, the average output power is calculated using the motor torque (τm =
I
A
kT ) resulting from the current applied to the generator and average drive angular
velocity (ω¯d). Here, kT is a motor specic torque constant determined during drive as-
sembly, which for the motor used is equal to kT = 8.01 x 10−2 Nm/mA. Alternatively,
the power captured by the device can be expressed in terms of a harmonic approxima-
tion of each oat oscillation cycle (Ph):
Ph =
Rm,2U
2
h
2
(5.4)
Here the oat velocity (Uh) is assumed to be harmonic:
Uh =
2piz
m
sin
(
2pit
T
o
)
T
o
(5.5)
The absorbed energies of the non-linear and harmonic systems are estimated using
the respective time-varying power outputs over ten cycles:
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E =
∫ 10To
0
P (t)dt (5.6)
Eh =
∫ 10To
0
Ph(t)dt (5.7)
To provide a more realistic approximation to the non-linear nature of the drive sys-
tem, the estimated level of mechanical damping was also multiplied by the ratio of oat
oscillation period (T
o
) to engaged interval (T
E
), such that Rm,3 =
To
TE
Rm,2. Using the
Rm,2 mechanical damping values, the ratio of calculated harmonic to non-linear sys-
tem absorbed energy is relatively constant, around 0.5, with incident wave frequency
(Figure 5.21(b)). Using the Rm,3 mechanical damping values, which account for the
non-constant engagement of the clutch, there is close agreement (to within 14.4%) be-
tween both energy types for most frequencies below 0.844 Hz and above 1.44 Hz. For
incident wave frequencies between 0.844 Hz and 1.44 Hz the clutch is engaged for a
shorter interval, resulting in increased
To
TE
ratios and higher estimations of the harmonic
absorbed energy. Whilst the harmonic representation of oat velocity is close to the
measured values (Figure 5.21(c)), the calculated output power is based on the non-
harmonic drive velocity, which due to the clutch is monodirectional. As the harmonic
oat velocity oscillates about zero, the average power output using this quantity will
be less than the one calculated using the measured drive velocity (Figure 5.21(d)). For
the example given, use of the calculated Rm,3 mechanical damping value will increase
the average power output to be approximately 31% higher than the measured value.
The assumption of a harmonic power output is therefore suitable for long period and
some short period regular wave responses, when the clutch engaged interval is approx-
imately 50% of the oscillation cycle period.
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Figure 5.21: Incident wave frequency variation of (a) calculated mechanical damp-
ing and (b) the ratio of calculated harmonic to non-linear system absorbed energy.
Mechanical damping values based on the full oscillation cycle (Rm,2 - red line, cross
markers) and part-cycle (Rm,3 - green line, circle markers) are shown. Time variation
of measured (blue solid line) and harmonic (red dashed line) (c) oat velocities and
(d) power outputs. In (d) average power output values are shown as thin dotted lines,
and the time variation of power output using Rm,3 values (green dashed line)
5.5 Summary
When multiple wave energy devices are placed in close proximity, the inuence of the
incident, scattered and radiated wave-elds will alter the response of individual de-
vices to be dierent from an isolated device. By separating multiple devices by a
distance equal to several times the oat radius, in theory more power can be captured
from the incident wave-eld than for the same number of widely spaced devices. This
combined with potential maintenance and access benets, appear to make support-
ing wave energy devices from a common structure a nancially attractive proposition.
This chapter demonstrates in agreement with several publications [59, 81, 39], that
in practice positive interactions, quantied by interaction factors greater than unity,
are only possible for certain wave frequencies. Over the range of tested incident wave
periods (equivalent to 5.6 s ≤ T ≤ 16.7 s full-scale), the positive interactions observed
at low frequencies tend to be balanced by negative interactions at high frequencies.
The occurrence of both positive and negative interactions in both regular and irregular
wave-elds is obviously dependent on the natural frequency of the device and the range
of wave conditions tested. As with the mechanically undamped tests reported in the
previous chapter, the presence of hydrodynamic interactions is highly dependent on
the incident wave frequency and to a lesser extent the incident wave amplitude and
the device natural frequency. Both the time required for the device response to reach
a steady state and the method used to determine the interval over which the response
is averaged will also inuence resulting trends.
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In general for a rectangular array of twelve devices subjected to regular waves,
similar row-averaged performance was recorded at low wave frequencies. As the wave
frequency is increased towards the heave natural frequency this similarity disappears
and row attenuation is evident for certain wave frequencies. In irregular wave-elds
of equivalent signicant wave height and peak frequency to a selection of the regular
wave-elds studied, power output attenuation is evident for most of the wave frequen-
cies tested. Some of the power outputs presented in this study are also reported in
a journal publication by the author [92]. Increasing the simulated generator torque
of four devices in a head seas array conguration has yielded distinct average power
output trends and oat motions. Firstly, because altering the level of drivetrain torque
leads to a frequency shift of the maximum average power output, an increase in the
level of simulated generator torque does not always yield an increase in power absorp-
tion for every wave frequency. A frequency shift of the peak power response was also
observed for arrays comprising dierent equilibrium draft oats, due to dierences in
the heave natural period of the oats. Secondly, for a short wave frequency range
equal to between 56-65% of the heave natural frequency, parametric oscillations were
observed for devices with high levels of drivetrain torque. These motions occurred
following seemingly steady-state heave motions. Both ndings have important impli-
cations for the design of cable supported wave energy devices, although the scalability
of such mechanisms would require further investigation.
In order to assist the development of numerical models which use hydrodynamic
parameters from linear, frequency domain-based simulations, the level of energy ab-
sorbed by the device in regular wave conditions was investigated. This is of interest, as
the simulation of a power take-o system assuming linear wave forcing is the simplest
case and avoids the complexities associated with the non-linear physical model used in
this study. Calculated values based on experimental measurements were compared to
those based on a simulated harmonic power take-o. It was found that the calculated
energy absorbed by a harmonic representation of the system was approximately 50%
lower than the energy absorbed by the physical, non-linear model. Close agreement
was possible for certain wave frequencies when the ratio of clutch engagement interval
to oscillation period was accounted for in the harmonic system. This version of the
power take-o system is more representative of the non-linear physical model.
Chapter 6
Prediction
Any form of simulation, numerical or experimental, needs to be veried with a num-
ber of dierent approaches and geometrical scales in order to increase condence that
the resulting output is representative of reality. In the case of wave energy device de-
sign, numerical models and small-scale physical testing are widely used, since these are
cost-eective methods in the absence of data from large-scale sea trials. For operating
conditions when electricity production is the aim, the prediction of the average motion
and power output of the device are of interest. Simulation of the average power out-
put from an array of devices requires the prediction of the time-varying output from
each device so that power smoothing is represented correctly. For survivability of the
device in large amplitude storm conditions, it is important to quantify peak motions.
Power output in these conditions is not prioritised since mechanical damping from the
power take-o system is likely to reduce response amplitudes. In order to determine
the motion of the device and to maximise the power output in realistic sea states,
time-varying models are required. By comparing experimental measurements and nu-
merical predictions, the suitability of time-averaged and time-varying responses can be
determined and numerical models further developed. Several dierent cases exist of a
body interacting with propagating waves:
A) Fixed small body subjected to waves
A body immersed in water will experience a net buoyancy force due to the hydrostatic
stiness imparted on the immersed volume (Fbuoy = ρgV ). In the presence of waves,
a xed body will experience forces and moments caused by hydrodynamic inertia and
drag (Fdamp). The inertia force comprises the Froude-Krylov force (Fkz) due to the
pressure eld within the incident wave and a wave-eld inertia force (Finw) due to the
distortion of the wave-eld by the body. In the context of the Morison equation this
inertia force is referred to as added mass but is here referred to as wave-eld inertia to
avoid confusion with the added mass due to body motion, as dened in part (C).
B) Fixed large body subjected to waves
If the dimensions of the body are substantial relative to the incident wavelength, the
body will also experience a scattered wave force (Fs). The diracted wave force is the
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combination of the scattered wave force and the Froude-Krylov force (Fd = Fkz + Fs),
with a drag force also included in the Morison equation. For large xed bodies, the
contribution of the drag force due to waves is small.
C) Forced oscillation of a body
A body forced to oscillate sinusoidally in the heave direction in quiescent water will
generate outgoing waves. The force causing this radiated wave-eld can be written
as the sum of an added mass in phase with oat acceleration (A33z¨) and a radiation
damping in phase with oat velocity (Rz˙):
F = A33z¨ +Rz˙ (6.1)
Alternatively, the damping force due to radiation can be expressed in terms of the
relative approach velocity between the moving water surface and oscillating body; de-
ned as RU = R(Uw − z˙). Therefore in the presence of waves, there are two added
mass parameters: one associated with wave-eld inertia; and one due to wave radia-
tion. Accounting for the total mass of the oscillating system (including radiation added
mass) and the hydrostatic stiness (dened as the change of buoyancy force per unit
displacement: k = dFbuoy/dz), leads to an equation of the form:
F = Mtotz¨ +Rz˙ + kz (6.2)
The inuence of drag and inertia forces are both dependent on the size and ge-
ometry of the body, plus the magnitude of body displacements. For signicant body
displacement amplitudes, a non-linear drag force term (0.5ρCdA |U |U) which includes
an experimentally determined drag coecient, may be a more suitable representa-
tion of the total damping and drag experienced by the oscillating body. Similarly, a
non-linear radiation added mass term (CmρV (z)z¨) which includes an experimentally
determined inertia coecient may be more representative than a linear term based
on small amplitude simulations such as WAMIT. If small body motions are assumed,
a linear approximation to the buoyancy force can be calculated; Fbuoy = ρgpia
2
wz.
Alternatively, a non-linear buoyancy term based on the time-varying displaced mass
(md) and immersed volume of the body may be required for larger amplitude motions;
Fbuoy = gmd(z) = ρgV (z).
D) Free oscillation of a oat and counterweight system
In still water with the oat and counterweight stationary, the system is in equilibrium
(Figure 6.1):
g(mf −md −mc) = 0, (6.3)
where mf and mc are the oat and counterweight masses respectively.
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Figure 6.1: Freebody diagram of the system at equilibrium in still water
When the oat is free to oscillate, assuming movement in one degree-of-freedom only,
Equation 6.3 becomes:
(mf +mc)z¨ = g(mf −mc)− Fbuoy (6.4)
The immersed volume used to calculate the buoyancy force is directly related to
the instantaneous immersion draft of the oat (zimm). Equation 6.4 can be used to
describe the equation of motion for a oat oscillating in otherwise still water:
Fin + Fdamp − g(mf −mc) + Fbuoy = 0, (6.5)
where the damping force contains the radiation damping force only (Fdamp = Rz˙),
and drag forces are assumed to be negligible.
E) Forced oscillation of a oat and counterweight system due to waves
The forces and moments experienced by a wave energy device comprising a oat and
counterweight are the combined inuence of: wave excitation forces (Fex); loads due
to radiation damping and drag (Fdamp); inertia forces (Fin and Finw); buoyancy forces
(Fbuoy) and gravity forces:
Fin + Finw + Fdamp − g(mf −mc) + Fbuoy + Fex = 0 (6.6)
Force type Linear Non-linear
force (L) force (NL)
Wave excitation (Fex) Fd Fkz(z)
Damping or drag (Fdamp) Rz˙ or RU 0.5ρCdA |U |U
System inertia (Fin) (mf + A33 +mc)z¨ (mf + CmρV (z) +mc)z¨
Wave-eld inertia (Finw) - CmρV (z)U˙w
Buoyancy (Fbuoy) ρgpia
2
wz ρgV (z)
Table 6.1: Summary of linear and non-linear hydrodynamic and hydrostatic force com-
ponents used in the simulations reported in this study
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Section Type Device(s) Wave-eld Diraction force (L): Radiation damping (L): Added mass (L): Buoyancy force (L):
Fd R A33 ρgpia
2
wz
6.1.1
TA
Isolated
Regular
√ √ √ √
6.1.2 1 x 5 Array
√ √ √ √
6.3.1 Free response X
√ √
X
6.3.2.1 Regular
√ √ √
X
6.3.2.2
Irregular
√ √ √
X
6.3.3 TV Isolated X
√ √
X
6.3.4 Regular X X X X
6.3.5 Regular, Irregular
√
X
√
X
Irregular X X
√
X
Section Type Device(s) Wave-eld Froude-Krylov Wave-eld Drag Inertia Buoyancy
vertical force (NL): inertia force (NL): force (NL): force (NL): force (NL):
Fkz(z) CmmdU˙w 0.5ρCdA |U |U CmρV (z)z¨ ρgV (z)
6.3.1 Free response X X X X
√
6.3.2.1 Regular X X X X
√
6.3.2.2
Irregular
X X X X
√
6.3.3 TV Isolated
√
X X X
√
6.3.4 Regular
√ √ √ √ √
6.3.5 Regular, Irregular X X
√
X
√
Irregular
√
X
√
X
√
Table 6.2: Linear (`L') and non-linear (`NL') simulation approaches considered. `TA' and `TV' denote time-averaged and time-varying simulations
1
2
1
External mechanical damping loads due to the power take-o system of the wave
energy device will also inuence the response of the oscillating system. This chapter,
however, will focus on mechanically undamped responses. Several approaches are taken
in this study to simulate the response of an isolated mechanically undamped device,
and these are summarised in Table 6.2 with the relevant force components listed in
Table 6.1. The dierent approaches adopted are described below:
1) Linear wave forcing assuming small amplitude motion
To quantify time-averaged responses, the amplitude of the diraction wave force (that
is, the incident wave force plus the scattered wave force, Fex = Fd) is obtained for
the oat geometry when at rest in still water. The magnitude of radiation damping
(R(f)) and radiation added mass (A33(f)) are also obtained using this method. Since
a negligible response amplitude is assumed, the force due to a change of buoyancy can
be written in terms of the water plane area (A) of the oat at rest (Fbuoy = ρgA at
z(0)). These assumptions are reasonable only if the amplitude of the oat motion is
small. Prior to the comparison of time domain models for predicting the response of a
device in irregular waves, the principle of superposition of response is evaluated.
2) Linear wave forcing accounting for the change of buoyancy force with
displacement
In reality, the response of a device will involve non-linear, time-varying forces. The
time-varying buoyancy force (now Fbuoy = ρgV (z)) is straightforward to obtain for
the instantaneous position of an immersed boundary, or volume. Derivations for the
immersed volume of two oat geometries can be found in Appendix A. The diraction
wave force, radiation damping and radiation added mass are obtained using the same
method as described in approach (1). The phase of the diraction force relative to the
incident wave-eld is also included in the time-varying simulation. Therefore the time
variation of the diraction force, radiation damping and radiation added mass with
changes in the immersed volume is neglected here. Simulated responses are compared
to experimental measurements to determine the applicability of directly implementing
linear hydrodynamic parameters in a time-varying model.
3) Non-linear forcing accounting for the change of immersed geometry
with displacement
To further develop the time-varying model introduced in approach (2), the Froude-
Krylov force approximation is used instead of a linear diraction force term. This
substitution is made to account for the time variation of wave excitation force with re-
sponse amplitude and volume (Fex = Fkz(z)). The Froude-Krylov force approximation
does not account for wave scattering, but this force contribution is minimal if the body
is small relative to the incident wavelength. However, the inuence of wave scattering
will be considerable for incident wavelengths close to the device separation distance in
the case of multiple devices. An estimate can be made in the form of an additional
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added mass parameter to describe the time variation of the wave-eld inertia force
(CmρV (t)U˙w). In this approach, the time variation of radiation damping and radiation
added mass are not accounted for, and instead linear values for each quantity are ob-
tained as with approaches (1) and (2).
4) Additional non-linear forces
Accounting for the linear forces due to wave radiation might give a reasonable approx-
imation for small response amplitudes, but other factors may need to be included in
the model. One possible way to account for the time variation of radiation damping,
radiation added mass and other factors is the use of damping and inertia coecients
determined from measured responses. By using experimentally determined coecients,
the non-linear time variation of drag force with the relative approach velocity (U) and
the water plane area, can be included in the equation of motion as 0.5ρCdA |U |U . Sim-
ilarly, the time variation of inertia force with body acceleration and immersed volume
can be included as CmρV (z)z¨.
In this chapter, four distinct combinations of linear and non-linear forces, as sum-
marised in Table 6.2, are employed in a single degree-of-freedom model of a heaving
device. In Section 6.1.1 and Section 6.1.2, hydrodynamic parameters obtained by lin-
ear analysis are used to determine the suitability of using time-averaged simulations to
predict regular wave responses. A widely used method of estimating device response
in irregular waves uses the superposition of regular wave responses in the frequency
domain. In order to assess this approach, in Section 6.2 several methods are used to
estimate the response of a device subjected to an irregular wave-eld using steady-state
regular wave responses. In Section 6.3.1 and Section 6.3.2, the aforementioned linear
parameters are used in conjunction with an immersion-dependent buoyancy force in
a time-varying model. In all cases studied, the equation of motion, which forms the
basis of the model, is solved using a 4th-order Runge-Kutta time-advancing method.
The following cases are considered: free response (neglecting dynamic forcing due to
waves), and regular and irregular wave-eld response (including dynamic forcing). In
Section 6.3.3, the linear diraction force is substituted with a non-linear Froude-Krylov
force approximation to account for changes to the immersed geometry. In Section 6.3.4
the linear radiation damping and radiation added mass terms are replaced by drag and
inertia forces which include experimentally determined coecients. In Section 6.3.5,
comparisons are made between the linear and non-linear terms used in the analysis.
Comparison of these methods provides an assessment of the suitability of using a drag
force based on experimentally determined coecients instead of a radiation damping
force obtained by linear analysis.
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6.1 Linear Prediction of Time-Averaged Response Us-
ing Frequency Domain Analysis
Frequency domain panel methods such as WAMIT [91] use linear wave theory to solve a
surface integral for the velocity potential eld, with boundary conditions imposed at
the free surface and at rigid surfaces. Solution of the linear diraction problem for a
stationary oat geometry, and the radiation problem for an oscillating oat geometry,
are used to obtain frequency dependent linear quantities for the wave-induced dirac-
tion force (Fd(f)), radiation damping (R(f)) and radiation added mass (A33(f)). The
same solutions can be used to obtain the surface elevation of the disturbed wave-eld.
Assuming sinusoidal forcing and motion, the response amplitude of a heaving oat can
be written in the form:
|dz| =
∣∣∣∣ Fd(f)−(2pif)2Mtot + 2pifRtoti+ k
∣∣∣∣ (6.7)
In the above formulation the total mass is the sum of the oat, counterweight and
radiation added masses, Mtot = mf +mc+A33(f). As there is no mechanical damping,
Rm = 0 Ns/m, the total damping is equal to linear radiation damping Rtot = R(f).
The total stiness (k), dened as the change of buoyancy force per unit displacement,
is calculated using an innitesimally small volume equivalent to the water plane area
at rest, k = ρgpia2w. In reality, the water plane area and stiness will change with the
motion of the oat, but for simplicity small amplitude motion is assumed in linear pre-
dictions. Alternative approaches can include convolution or impulse response functions
to model the time variation of the radiation added mass and radiation damping terms
[7]. The purpose of the various studies reported in this section is to determine the lim-
its of validity of this approach by comparing numerically simulated and experimentally
measured responses.
6.1.1 Isolated Float
In this section, comparisons are drawn between experimental measurements and nu-
merical predictions of the response of an isolated oat subjected to regular waves.
Two cases were analysed: the round-ended oat geometry (`H1') with an equilibrium
draft equal to zeq = 0.065 m and the at-bottomed oat geometry (`FB1') with an
equilibrium draft equal to zeq = 0.05 m (depicted in Figure 2.6). Response amplitude
ratios, introduced in Section 3.1.1 of Chapter 3 were calculated from experimentally
measured average oat displacements and incident wave amplitudes. These ratios were
compared to Froude-scaled single degree-of-freedom simulations of full-scale response.
For each oat geometry, the simulated non-dimensionalised responses were calculated
using Equation 6.7 and hydrodynamic parameters obtained using WAMIT. Further de-
tails regarding the simulated responses are reported by Bellew [10].
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Despite some scatter in the experimentally obtained response amplitude ratios,
there is close agreement with the simulated responses at the lowest tested wave fre-
quencies (0.75 Hz ≤ f ≤ 1.06 Hz) for the round-ended oat. (Figure 6.2(a)). Close
agreement is also apparent for the at-bottomed oat over a broader wave frequency
range, from 0.5 Hz to 1.22 Hz (Figure 6.2(b)). For incident wave frequencies near to
the heave natural frequency of the round-ended oat (f3 = 1.46 Hz assuming small
amplitude motion), the responses are over-predicted by linear simulations. Simulated
response amplitude ratios are up to |dz| = 3.4 at f = 1.44 Hz, comparatively higher
than the experimentally measured response amplitude ratios (up to |dz| = 2.1 at f =
1.38 Hz). Similar levels of over-prediction are apparent for the at-bottomed oat
geometry for wave frequencies between 1.25 Hz and 1.5 Hz. Simulated response ampli-
tude ratios are up to |dz| = 3.61 at f = 1.44 Hz, close to the heave natural frequency
of the device (f3 = 1.4 Hz). For both oat geometries, predicted responses are under-
damped close to the heave natural frequency of the device. This implies that in both
cases additional damping must be applied to Equation 6.7 in order to achieve closer
agreement with the measured responses.
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Figure 6.2: Comparison of measured (asterisk markers) and predicted (thin solid line)
response amplitude ratios of (a) an isolated round-ended oat and (b) a at-bottomed
oat subjected to regular waves of amplitude 0.013 m. Responses are predicted using
hydrodynamic parameters obtained from WAMIT simulations [10]
6.1.2 1 x 5 Array of Round-Ended Floats
In this section, comparisons are drawn between experimental measurements and nu-
merical predictions of the response of a line of ve round-ended oats subjected to
regular waves. Referring to Figure 2.12 in Chapter 2 the array, aligned in both the
head and beam seas layouts, was subjected to regular waves of amplitude arq = 0.013
m with incident wave frequencies in the range 0.75 Hz ≤ f ≤ 1.75 Hz. In general there
is close agreement between the mechanically undamped predictions, calculated using
Equation 6.7, and the measured responses. For the head seas case, the linear predicted
response amplitudes are slightly higher than the measured response amplitudes for
most wave frequencies. There is less agreement at the peak response frequencies, with
predicted values ranging from 4.5 to 6.7 compared to calculated experimental values
from 2.4 to 3.8. As for a single device, these discrepancies suggest that additional
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damping is required in Equation 6.7 in order to reduce the peak response amplitudes.
For incident wave frequencies in the range 1.44 Hz ≤ f ≤ 1.56 Hz, asymmetry of de-
vices in the array is predicted using linear theory. The agreement between predicted
and measured values at certain incident wave frequencies highlights the feasibility of
using linear simulations to predict response. Unlike potential theory codes such as
WAMIT, an approximation based on point absorber theory (for example [30, 35]) would
not capture the modication of wave force phase due to the presence of adjacent oats.
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Figure 6.3: Comparison of measured (asterisk markers) and predicted response ampli-
tude ratios of ve equispaced round-ended oats within a head seas array subjected to
regular waves of amplitude 0.013 m. Responses predicted using hydrodynamic param-
eters obtained from WAMIT simulations (thin solid line) are shown for (a) Float 1, (b)
Float 2, (c) Float 3, (d) Float 4 and (e) Float 5
In the beam seas case, the linear theory prediction is in adequate agreement with
the measured responses for most of the tested wave frequencies. As mentioned in Sec-
tion 4.1.1 of Chapter 4, the tested wave frequency range was truncated as non-linear
oat responses were observed for wave frequencies above f = 1.59 Hz. The predicted
symmetry of response between Floats 1 and 5, plus Floats 2 and 4 was not measured
for all incident wave frequencies, possibly due to small changes in the position of the
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devices, which were observed but not accounted for in the simulations. As with the
head seas case, there is some disparity between predicted and measured values at the
peak response frequencies (i.e. when |dz| > 3.0). It is possible that closer agreement
with the measured responses could be achieved by applying additional damping to the
equation of motion. This requirement may be due to the occurrence of other non-
linear eects, such as overtopping when large response amplitudes occur, as reported
for near-focused wave tests in Section 3.3 of Chapter 3 and by Stallard et al. [73].
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Figure 6.4: Comparison of measured (asterisk markers) and predicted response ampli-
tude ratios of ve equispaced round-ended oats within a beam seas array subjected
to regular waves of amplitude 0.013 m. Responses predicted using hydrodynamic pa-
rameters obtained from WAMIT simulations (thin solid line) are shown for (a) Float 1,
(b) Float 2, (c) Float 3, (d) Float 4 and (e) Float 5
In the linear time-averaged simulations, it is implicitly assumed that the response
of each device in the array is sinusoidal and steady-state. As has been demonstrated
in Section 3.1 of Chapter 3 and Section 4.1 of Chapter 4, the time required for both
isolated and multiple device responses to reach a steady state is dependent on the inci-
dent wave frequency. For the head seas array conguration studied in this section, the
time required generally increases with wave frequency, from 2.2 to 24.9 cycles across
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the tested frequency range (Figure 4.3). The use of additional damping, supplementary
to the radiation damping obtained by linear theory, is further investigated in Section
6.3. Thomas et al. [82] quantied the level of additional damping required to improve
agreement between linear simulations of response and measured responses for the same
array of ve devices. In Section 6.3, instead of a time-averaged model of response,
predictions are made using a time-varying single degree-of-freedom model based on
hydrodynamic parameters calculated from WAMIT simulations.
6.2 Estimation of Time-Varying Response
In Section 6.1 it was shown that time-averaged predictions of regular wave response
based on parameters obtained from a linear frequency domain-based method tend to
over-predict the response amplitude. Here the widely-used approach [66, 26] of estimat-
ing device response in irregular waves by assuming the superposition of regular wave
responses in the frequency domain is evaluated. In this section, predictions of oat
response in one irregular sea state are made using experimentally measured steady-
state regular wave data. In the rst approach, the response of a device to an irregular
wave-eld is estimated as the superposition of steady-state regular wave responses. In
the second approach, measured wave surface and device displacement data are used to
determine the validity of a time domain-based approach, similar to the `wave-by-wave'
method studied by Smith et al. [70]. In the third approach, instantaneous wave-eld
parameters are used. The same oat geometry and oat and counterweight masses
(mf = 1.0 kg and mc = 0.4 kg respectively) as studied in Section 3.1 of Chapter 3 are
used, resulting in an approximate equilibrium draft equal to zeq = 0.05 m.
6.2.1 Superposition of Measured Regular Wave Responses
As reported in Section 3.1 of Chapter 3, measured responses of an isolated device
subjected to a wide range of regular wave conditions have demonstrated that linear
responses occur over the frequency range 0.594 Hz ≤ f ≤ 0.969 Hz. The same isolated
device and small array layouts were subjected to an irregular wave-eld dened as the
superposition of ve regular wave conditions from within this frequency range.
In this section comparisons are made in the frequency domain between measured
(zm) and predicted (zp) irregular wave-eld oat displacement amplitudes. Each oat
displacement amplitude prediction was based on the multiplication of averaged regular
wave response amplitude ratios with calculated wave amplitudes at each Fourier series
frequency increment. Wave amplitudes were determined from the measured surface el-
evation of an irregular wave-eld. The location of the wave gauge used (WG4) is shown
in Figure 2.9. Averaged response amplitude ratios were used because calculated ratios
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within the identied frequency range of linear response (0.594 Hz ≤ f ≤ 0.969 Hz) are
mostly invariant with incident wave amplitude. Fourier decomposition of the measured
wave-eld, using the fast Fourier transform, indicates that ve harmonics exist with
amplitudes ranging from 0.004 m < am < 0.006 m (Figure 6.5). Using this frequency
domain method, on average there is an overestimation of oat response amplitudes. A
mean predicted to measured amplitude ratio (zp/zm) of 1.08 was calculated over the
tested regular wave frequency range (0.5 Hz ≤ f ≤ 1.0 Hz).
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Figure 6.5: Fast Fourier transform of a measured irregular wave-eld and oat response
(blue and red bars respectively). The irregular wave-eld comprises ve regular wave
components of equal amplitude (an = 0.004 m). Also shown are projected oat response
amplitudes based on mean response amplitude ratios for each regular wave frequency
increment within the tested frequency range (diamond markers)
6.2.2 `Half-Wave-Cycle Approach'
The use of a linear model in the previous section and Fourier decomposition of the
wave-eld in this section have demonstrated that frequency domain simulations tend
to over-predict device response amplitudes. Published comparisons between frequency
and time domain `wave-by-wave' methods have highlighted the short-term variability
of realistic wave-elds in the time domain, which may help to explain this discrep-
ancy [70, 71]. A time domain approach, similar to the one used in [70], was used to
decompose the measured undisturbed irregular wave-eld and resulting oat response
into two sets of zero down-crossing half-cycles. The oat response half-cycles were
compared to the steady-state response of the same device subjected to regular wave
conditions of equivalent frequency and amplitude, if these values were both within the
tested range of regular wave conditions (0.5 Hz ≤ f ≤ 1.5 Hz and 0.007 m ≤ arq ≤
0.025 m). Details regarding the method employed can be found in Appendix B.
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Figure 6.6: (Top) Time-varying measured surface elevations of a composed irregular
wave-eld (thin line) and oat response (thick line). (Middle) Wave half-cycle ampli-
tudes (green bars) and periods (black bars). (Bottom) Ratios of predicted to measured
oat displacement amplitudes using interpolated regular wave response values (square
markers; 0.85 ≤ zp/zm ≤ 1.15, triangle markers; 0.85 > zp/zm > 1.15). A dashed line
is also plotted at zp/zm = 1.0 for reference
A total of 40 half wave cycles within the wave-eld have amplitudes and frequencies
within the tested regular wave amplitude and frequency range (0.007 m ≤ arq ≤ 0.025
m and 0.5 Hz ≤ f ≤ 1.5 Hz respectively, Figure 6.6). The majority of the interpolated
amplitudes are larger than the measured values, to the extent that 15 of the predicted
responses are within 15% of the measured responses (shown as square markers), with
an average over-prediction of 4% (zp ≈ 1.04zm) over the entire wave-eld. Upon further
investigation of these particular half-cycles, all of the wave frequency and amplitude
properties are within the previously identied range of linear oat response. Further to
this, most of these oat oscillation cycles are associated with wave half-cycles that re-
semble well-dened plane waves which tend to be large relative to previous wave cycles.
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Figure 6.7: (Top) Time-varying measured oat responses of two devices separated by
4a (thick black line: front device, thick red line: rear device). (Bottom) Ratios of
predicted to measured oat displacement amplitudes for the front device (black solid
markers) and rear device (red open markers) using interpolated regular wave response
values. Square markers; 0.85 ≤ zp/zm ≤ 1.15, triangle markers; 0.85 > zp/zm > 1.15).
Circle markers denote projected values outside of the tested wave amplitude range
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Figure 6.8: As Figure 6.7 for two devices separated by 3a
The same procedure of wave-eld decomposition and oat displacement amplitude
prediction was also applied to the response of two devices separated by centre-to-centre
distances s = 4a and s = 3a. In Section 4.2 of Chapter 4 it was demonstrated that
measured oat displacement amplitudes of both devices in the 4a spaced array sub-
jected to an irregular wave-eld, are closer to the isolated device than the same devices
in the 3a spaced array. For certain wave half-cycles, the response of the rear device is
dissimilar to the isolated device, with oat displacement amplitudes of this device in
the 3a spaced array of up to 3 times those measured for the isolated device.
Whilst there is some similarity between the response of both devices in the two ar-
ray layouts (Figure 6.7 and Figure 6.8), it is only when the individual cycles are looked
at in more detail that certain dierences become apparent. Ratios of predicted to
measured oat displacement amplitudes for both array layouts are shown in Figure 6.7
and Figure 6.8 for all wave half-cycles with characteristic amplitudes and frequencies
within the tested regular wave condition range. As with the isolated device there is a
general over-prediction of oat displacement amplitudes by 7% for the front device of
the 4a spaced array, reducing to 4% for the 3a spaced array over the entire wave-eld.
Close agreement to steady-state regular wave values is apparent for the rear device,
with an over-prediction of 5% for the 4a spaced array and an under-prediction of 6%
for the 3a spaced array. It was assumed that the lack of variation of isolated device
response amplitude ratios in the range 0.594 Hz ≤ f ≤ 0.969 Hz could be applied to
devices in both array layouts for wave amplitudes outside of the tested range (0.01 m
> arq > 0.016 m). This assumption yields extra values as indicated by circle markers
in Figure 6.7 and Figure 6.8. For these projected values, mean response amplitude
ratios are used at each regular wave frequency.
Direct comparisons between the two sets of array and isolated zp/zm ratios are not
possible for all of the wave half-cycles, as slight variations in the measured undisturbed
wave-eld for each case result in characteristic amplitudes and frequencies outside of
the interpolated range of wave conditions. For the front device of the 4a spaced array,
one projected value greater than zp = 2.0zm was calculated for the wave half-cycle
starting at t = 39.6 s (not shown in Figure 6.8). This, and most of the other large
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ratios associated with wave half-cycles starting at t = 28.2 s, 38.5 s, 49.9 s and 60.2
s, correspond with smaller oat displacement amplitudes than the same device in the
3a spaced array. Over the same intervals, zp/zm values closer to unity for the second
device correspond with larger measured oat displacements.
By characterising each wave half-cycle in the wave-eld by a single amplitude and
frequency value, there is no clear pattern of device response similarity to steady-state
regular wave responses or attenuation between the array devices. The dierent device
responses measured are partly due to the development of the undisturbed wave-eld
over the device separation distance. The inuence of previous device motions and
the presence of a disturbed wave-eld caused by the motion of both devices are also
contributing factors. Time-varying instantaneous wave frequencies were calculated by
dierentiating the instantaneous phase part of Hilbert transform with time. Analy-
sis of the instantaneous wave frequencies suggests that the occurrence of attenuation
for both array separation distances corresponds with instantaneous wave frequencies
above f = 1.25 Hz (also shown for regular wave responses in Section 4.1.2 of Chapter 4).
6.2.3 Instantaneous Frequency and Amplitude Approach
As the irregular wave-eld studied is composed of many dierent harmonics, assum-
ing each decomposed segment is representative of a plane wave will not fully capture
the complex surface elevations located between successive wave peaks and troughs. In
order to acknowledge the short-term characteristics of the wave-eld, a more detailed
approach would be to look at the development of instantaneous frequencies and am-
plitudes with time. Both instantaneous frequencies and amplitudes can be calculated
using the Hilbert transform of the measured surface elevation values. In this approach,
instantaneous frequencies and amplitudes were used instead of wave half-cycle fre-
quency and amplitude parameters. As with the previous `half-wave-cycle' method,
mean response amplitude ratios were used for instantaneous wave-eld characteristics
within the identied range of linear steady-state regular response (0.594 Hz≤ f ≤ 0.969
Hz and 0.007 m ≤ arq ≤ 0.025 m). Interpolation was used for conditions beyond this
range (0.5 Hz ≤ f < 0.594 Hz and 0.969 Hz < f ≤ 1.5 Hz). This leads to a time-series
of predicted oat displacements which can be compared to measured values (Figure
6.9(a)). Comparing this approach with the previous one using wave half-cycle decom-
position, the predicted values are generally of a similar magnitude. The agreement can
be improved if both the instantaneous wave amplitude and frequency values are ltered
with a lowpass Butterworth lter to remove high frequency oscillations greater than 10
Hz prior to the prediction process (Figure 6.9(b) and (c)). This is especially eective
for smoothing the instantaneous frequency time-series. Whilst care must be taken in
the use of lters, the Matlab filtfilt command is used to avoid phase distortion, by
processing the data in the forward and reverse directions. Using this approach, a total
of 97% of close predictions (to within 15% of measured oat displacement values) are
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associated with instantaneous frequencies and amplitudes within the identied range
of steady-state regular wave response.
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Figure 6.9: (a) Time-varying ratios of predicted to measured oat displacement am-
plitudes using average (green line) and interpolated (blue line) regular wave response
ratios. The device was subjected to an irregular wave-eld composed of ve regular
wave components. A dashed line is also plotted at zp/zm = 1.0 for reference. Filtered
Hilbert transform wave-eld instantaneous (b) amplitudes and (c) frequencies. Calcu-
lated rate of change of instantaneous (d) wave period and (e) oat displacement with
time
Both the half-cycle and instantaneous methods do not account for the evolution
of each wave-eld characteristic with time, or the device time history. If predicted
values which are within 30% of measured responses are also considered, the measured
wave-eld can be divided into several groups which include large amplitude, low fre-
quency wave half-cycles. Between these intervals, instantaneous wave-eld amplitudes
and frequencies uctuate with time (Figure 6.9(b) and (c)). Compared to the measured
steady-state response of the same device subjected to similar frequency regular wave-
elds (Figure 3.1(b) in Chapter 3), there is insucient time for the device to reach
a steady state. Wave-eld stability therefore has a direct impact on device response,
demonstrated by the rate of change of wave period and oat displacements with time
(Figure 6.9(d) and (e)). For example between 7.4 s < t < 9.2 s, predictions using
the instantaneous method are close (dened as 0.85zm ≤ zp ≤ 1.15zm; Figure 6.9(a))
corresponding to uctuations in instantaneous wave-eld frequencies of up to ∆fint =
0.11 Hz and surface elevations up to ∆am = 0.005 m. This can also be seen later on
in the time-series, for example between 24.5 s < t < 25.0 s where ∆f = 0.09 Hz and
∆am = 0.003 m. Large frequency uctuations are demonstrated in other intervals,
for example ∆fint = 0.26 Hz between 58.5 s < t < 59.5 s, which corresponds with
large over-predictions of response of up to zp = 2.57zm. Float displacement ampli-
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tude predictions were not possible for instantaneous frequency and amplitude values
beyond the applicable range of interpolation (0.5 Hz > fint > 1.5 Hz, am < 0.007 m),
for example between 55.2 s < t < 55.5 s. The measured oat response studied here
demonstrates that the incident wave-eld must be fairly consistent in terms of ampli-
tude and frequency for a sucient length of time in order for the response to be similar
to an equivalent steady-state regular wave response.
6.3 Prediction of Time-Varying Response using Lin-
ear and Non-Linear Force Terms
Time-averaged simulations of device response are useful for predicting the average or
maximum performance of the device, but are incapable of modelling time-varying power
output or accounting for control systems (a detailed study of such algorithms is given
by Lok [54]). Time-averaged predictions may be applicable to stationary, long period
wave-eld responses. However the response of the device is highly dependent on the
short-term variability of the wave-eld, as demonstrated in the last section. In order to
develop a more realistic numerical model, non-linear force terms can be included in the
equation of motion to account for the time variation of oat position, velocity and ac-
celeration. Drag and inertia terms, for example frequency-dependent added mass (due
to radiation) and radiation damping, can be obtained directly from linear wave theory-
based simulations. Alternatively, velocity and acceleration-dependent non-linear terms
can be used, based on empirical coecients determined from experimental measure-
ments. Each version of the single degree-of-freedom model was written in the FORTRAN
programming language, with the equation of motion contained therein solved by using
a 4th-order Runge-Kutta time-advancing method. In this section, the suitability of
linear and non-linear force terms is assessed by comparing simulated motions to exper-
imentally measured responses. A summary of the approaches used is given in Table 6.2.
6.3.1 Predictions of Free Response using Linear Parameters
The free decay of a single mechanically undamped oat oscillating through a still water
surface (described by Equation 6.5) is the simplest case to model experimentally. Un-
forced oscillations through a free surface are dicult to simulate numerically, and for
this reason the prediction capabilities of linear parameters are evaluated in this section.
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zeq, m fo, Hz R, Ns/m A33, kg
0.05 1.4 2.32 0.51
0.085 1.1 2.70 0.84
Table 6.3: Radiation damping and radiation added mass parameters calculated using
WAMIT and implemented in the free decay time-domain model for two oat drafts.
Equilibrium immersion drafts and approximate heave oscillation frequencies, based on
the measured response, are also listed
As the body oscillates, energy is transferred to the surrounding uid resulting in
waves propagating radially outwards. The surface of the water will therefore not re-
main stationary, but for numerical model validity, still water was assumed. For this
case, the model includes linear radiation damping (R) and radiation added mass (A33)
parameters from WAMIT simulations (Table 6.3; provided by Bellew [10]) and a non-
linear buoyancy force term based on the instantaneous immersed volume of the oat
(Fbuoy = ρgV (z)).
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Figure 6.10: Time-varying predicted (red dashed line) and measured (black solid line)
oat displacements with (a) elevated and (b) submerged initial oat positions (zimm ≈ -
0.006 m and 0.105 m respectively). Responses are shown for a oat with an equilibrium
draft equal to zeq = 0.05 m. Predictions based on additional damping (elevated: Ra =
+0.5 Ns/m, submerged: Ra = +1.2 Ns/m) are also shown as dashed green lines
Comparisons between time-varying predicted and measured still water drop and
rise tests are shown in Figures 6.10(a) and (b). For the drop experiment, the oat
was initially elevated so that the oat base was slightly above the surface of the water
(zimm ≈ -0.006 m). In this chapter the level of oat immersion is dened as the distance
between the mean water level and the at base of the oat. For the rise test, the oat
was submerged until immersed just below the bottom of the stem (zimm ≈ 0.105 m).
Once released from these positions, the oat was allowed to oscillate until rest. Each
physical starting position was used as an initial condition for the time domain model,
with radiation damping and radiation added mass values selected from WAMIT simula-
tions of regular wave forcing. As a starting point, values were selected for regular wave
frequencies close to the measured free oscillation frequency of the oat (Table 6.3). It
was found that both simulated responses were underdamped, with larger oscillation
frequencies than those measured (Figures 6.10(a) and (b)). Closer agreement to the
measured response was obtained by specifying additional damping and added mass on
top of the WAMIT values, with the magnitude of each dependent on the type of test.
135
For both the drop and rise tests, the use of additional damping in the model (Ra =
+0.5 Ns/m and +1.2 Ns/m respectively) yields closer agreement to the measured re-
sponse, in terms of the oscillation amplitude and period. A higher level of damping
was required for the rise test, indicating the inuence of hydrodynamic damping on
the partially immersed upper inclined surface.
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Figure 6.11: As Figure 6.10 with dierent (a) elevated and (b) submerged initial oat
positions (zimm ≈ 0.026 m and 0.079 m respectively). Predictions based on additional
damping (elevated: Ra = +1.5 Ns/m and submerged: Ra = +1.0 Ns/m respectively)
are also shown as dashed green lines
Similar levels of additional damping were required for the same oat at dierent
drop and rise test starting positions (Figure 6.11). Simulations were also carried out
for the same geometry oat, but a dierent oat and counterweight mass combination,
resulting in a deeper equilibrium draft and a dierent oscillation frequency (Table 6.3).
As well as modifying the level of damping, slight modications to the radiation added
mass were required in both the drop and rise test cases in order to obtain closer agree-
ment with the measured responses (Figure 6.12). Potential theory codes such as WAMIT
for convenience assume that response amplitudes are small, shown through the use of
constant radiation added mass, radiation damping and hydrostatic stiness values in
Equation 6.7. As has been demonstrated here, measured large displacements of a body
(up to 0.202 m, or 2.82a) with several dierent cross sections will result in these values
varying with displacement.
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Figure 6.12: As Figure 6.10 with a dierent oat and counterweight mass combination
and oat draft (zeq = 0.085 m). Predictions based on additional damping and radiation
added mass (elevated: Ra = +1.3 Ns/m, A33,a = -0.3 kg and submerged: Ra = +1.0
Ns/m, A33,a = -0.1 kg respectively) are also shown as dashed green lines
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6.3.2 Predictions of Wave-Field Response using Linear Param-
eters
The time-varying model of oat response described by Equation 6.5 was extended to
include the inuence of regular and irregular wave-eld forcing. For this case, the
model includes frequency-dependent quantities for the diraction force (Fex = Fd(f)),
radiation damping (R(f)) and radiation added mass (A33(f)) from linear WAMIT sim-
ulations as well as gravity forces (g(mf −mc)) and a non-linear buoyancy force term
based on the instantaneous immersed volume of the oat (Fbuoy = ρgV (z)). With the
inuence of wave excitation, Equation 6.5 becomes:
(mf + A33(f) +mc)z¨ +R(f)z˙ − g(mf −mc) + Fbuoy + Fex = 0 (6.8)
6.3.2.1 Regular Wave-Field Response
To compare the simulated and experimentally measured regular wave responses, a
synthetic sinusoidal time-series was constructed using empty ume average wave am-
plitudes (taken from arq = 0.016 m tests and measured in-line with the device by gauge
WG4). Both the measured wave and oat displacement amplitudes, reported in Sec-
tion 3.1 of Chapter 3, were determined over a steady-state response interval.
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Figure 6.13: Variation of the ratio of predicted to measured oat displacement am-
plitudes with regular incident wave frequency. Float displacement amplitudes were
predicted using Equation 6.8 with diraction force, radiation damping and radiation
added mass values obtained from linear analysis (WAMIT)
Over the entire tested frequency range, the oat displacement amplitude is over-
predicted by the model, with ratios ranging from 1.41zm ≤ zp ≤ 5.22zm (Figure 6.13).
A time-varying response illustrating signicant over-prediction of the oat displace-
ment amplitude at f = 1.13 Hz is shown in Figure 6.14. For this example there is a
clear disagreement between the simulated and measured oat displacement amplitudes
(zp = 2.74zm) and a phase delay between the two responses. Wave frequencies such as
this one are associated with large simulated oat displacements of up to zp = 0.113 m.
As with the application of additional damping to the free oat drop response reported
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in Section 6.3.1, favourable improvements to the high frequency regular wave predic-
tions are possible; for example zp = 1.04zm at f = 1.13 Hz using additional damping
equal to Ra = +16.0 Ns/m. This required increase in damping is approximately 27
times the calculated radiation damping value obtained from WAMIT simulations. This
could be representative of the additional damping experienced by the oat as it os-
cillates in combined modes of motion with heave: such as surge (as observed at low
incident wave frequencies, see Section 3.2 in Chapter 3); and pitch as observed at high
incident wave frequencies. As the model is based on single degree-of-freedom motion,
the inuence of other modes of motion would not be accounted for in the simulated
response. To clarify the signicance of damping due to other modes of oat motion,
and the coupled contributions therein, the model would have to be extended to include
these other oscillatory modes. This version of the model would include hydrodynamic
parameters from coupled-mode WAMIT analysis, but this is beyond the scope of the
current study.
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Figure 6.14: Time-varying measured (thick black line) and predicted (thick dashed
red line) oat responses of a device subjected to a regular wave-eld (thin blue line)
of frequency f = 1.13 Hz. Three oscillation cycles within the identied steady-state
interval are plotted. A simulated response using additional damping (Ra = +16.0
Ns/m) is included as a thick green dashed line
6.3.2.2 Irregular Wave-Field Response
The overall aim of the time domain model development is to be able to simulate the
response of a device, or array of devices, in realistic irregular sea states. In this section,
the composed irregular wave-eld studied in Section 6.2.1 is used as a test case for the
numerical model. The surface elevations of the wave-eld described by Equation 2.11
in Chapter 2 contained ve (n = 5) sets of amplitude, frequency and phase compo-
nents. In the time-varying model, each amplitude (an) and phase component (φn) were
specied using the peak values calculated from the fast Fourier transform of the mea-
sured wave-eld (Figure 6.15(a)). The frequencies used correspond to those specied in
the wave generation software. As linear values of radiation added mass and radiation
damping obtained from WAMIT simulations do not vary much over the frequency range
of interest (0.647 Ns/m ≤ R ≤ 1.425 Ns/m and 0.698 kg ≤ A33 ≤ 0.638 kg) both are
averaged over this frequency range. For each harmonic, a non-dimensionalised dirac-
tion force magnitude (Fd,n) and phase component relative to the incident wave-eld
(ϕn), were also taken from WAMIT simulations. The resulting diraction force is calcu-
lated as the superposition of all ve components, such that:
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Fd =
n∑
i=1
Fd,nan sin(2pifnt+ φn + ϕn) (6.9)
The amplitudes of certain wave cycles within the simulated irregular wave-eld dier
from measured amplitudes (Figure 6.15(a)). Closer agreement between the measured
and simulated surface elevations of the wave-eld can be achieved by using a greater
number of wave-eld parameters. As illustrated in Figure 6.5, a Fourier decomposition
of the measured wave-eld reveals that some frequency components exist at interim
frequencies between the main ve frequencies used to generate the wave-eld. These
additional frequency, amplitude and phase parameters were included in the model for
calculated amplitudes above am = 3 x 10
−4
m (n = 18 in total). In this way, greater
agreement is apparent for most wave cycles, for example between 6.0 s ≤ t ≤ 8.3 s and
13.5 s ≤ t ≤ 18.6 s (Figure 6.15(b)). Using the frequency of each additional compo-
nent, wave-eld force magnitudes and phases were interpolated from WAMIT simulation
values. This leads to improved predictions for some oscillation cycles, for example be-
tween 13.5 s ≤ t ≤ 16.3 s (Figure 6.16). In general, the oat response amplitude is
over-predicted for most oscillation cycles, suggesting that the response is underdamped.
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Figure 6.15: Time-varying measured (thin blue line) and predicted (dashed thick blue
line) irregular wave-eld surface elevations. In (a) ve wave-eld amplitude, frequency
and phase parameters were used in the time domain model. In (b) wave-eld parame-
ters for component amplitudes above am = 3 x 10
−4
m (18 in total) were used in the
time domain model
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Figure 6.16: Time-varying measured (thick black line) and predicted (thick dashed
red line) oat responses of a device subjected to an irregular wave-eld composed of
ve regular wave components. In (a) ve wave-eld amplitude, frequency and phase
parameters were used for the prediction. In (b) wave-eld parameters for component
amplitudes above am = 3 x 10
−4
m (18 in total) were used for the prediction
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6.3.3 Predictions of Irregular Wave-Field Response using F-K
Forcing and Linear Hydrodynamic Parameters
Frequency-dependent approximations to the wave-eld diraction force based on linear
wave theory do not account for the time variation of oat displacement and immersion.
For this case, the model includes all of the same force terms used in the last section
except that the linear diraction force is replaced with a non-linear Froude-Krylov
force term (Fex = Fkz). Assuming that the oat is dimensionally small relative to
the incident wavelength (thus scattering eects are neglected by denition) and that
the dynamic pressure (pdyn) surrounding the immersed oat is largely invariant, the
Froude-Krylov vertical force at the centre of the oat base can be estimated:
pdyn = ρgη(t)
cosh(K(d− zimm))
cosh(Kd)
Fkz = Apdyn
Fkz = Aρgη(t)
cosh(K(d− zimm))
cosh(Kd)
(6.10)
Where d is the still water depth. In this formulation, the time-varying surface ele-
vations η(t) are also used. By using the time-varying cross sectional area of the oat
based on the instantaneous water plane radius (A = pia2w), the excitation force on a
vertical cylinder of radius aw is assumed. Based on Equation 6.10, the irregular wave-
eld excitation force is approximated by the superposition of n sinusoidal components.
Instead of using a non-dimensional force magnitude for each component (as with the
linear approximation described by Equation 6.9), the Froude-Krylov approximation
includes the non-linear variation of immersed oat draft and a wavenumber for each
component (Kn):
Fkz = ρgA
n∑
i=1
[
an sin(2pifnt+ φn + ϕn) cosh(Kn(d− zimm))
cosh(Knd)
]
(6.11)
As with the previous approach, the model over-predicts oat response amplitudes
for most oscillation cycles when n = 5 wave-eld components are used (Figure 6.17(a)).
Again, the prediction can be improved for most wave cycles by increasing the number
of frequency components which make up the simulated wave-eld (Figure 6.17(b)).
The level of agreement between the predicted and measured responses is slightly less
than the previous one based on a linear approximation to irregular wave-eld forcing
(Equation 6.9; Figure 6.16). The dierence in predicted oat displacement amplitudes
between both approaches is small, typically 5.5% for the large amplitude wave cy-
cles. This comparison suggests that the direct substitution of a linear approximation
to irregular wave-eld forcing for a non-linear one based on the Froude-Krylov force
approximation is not suitable.
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Figure 6.17: As Figure 6.16 using the Froude-Krylov approximation to wave excitation
forcing
6.3.4 Predictions of Regular Wave-Field Response using F-K
Forcing and Experimentally Determined Coecients
In this section a model comprising non-linear Froude-Krylov (Fkz), wave-eld inertia
(Finw), drag (0.5ρCdA|U |U), inertia (CmρV (z)z¨) and buoyancy force (Fbuoy) terms is
used to simulate the response of a device subjected to regular wave-eld forcing. The
Morison equation has been widely used to estimate the non-linear drag and inertia
contributions of force to xed and moving bodies [62]. Here, the process of obtaining
drag and inertia coecients for an isolated device subjected to regular waves using ex-
perimental measurements is reported. By developing a single degree-of-freedom time
domain model in this way, the suitability of using force coecients to simulate regular
wave response is assessed. Drag and inertia coecients (Cd and Cm) have been doc-
umented for cylindrical bodies under several ow conditions [68]. Experiments have
been conducted on cylinders forced to translate or oscillate in quiescent uid and on
stationary cylinders in uniform and oscillatory ows [95]. Spheres, square cylinders and
other forms have also been studied. Previous analysis of hemispherical-ended cylinder
geometries oscillating near to the water surface and the overtopping of conical sections
are of interest in this study [73]. Derived formulae in previous studies are usually based
on uniform sections of unit length. Because the cross sectional area (A) and displaced
mass (md) are dependent on the time variation of oat immersion draft, these pa-
rameters are included in the model and calculated at each time step. Here, approach
velocities and accelerations were used which include the instantaneous velocity of the
wave-eld (Uw) and oat (z˙ ):
U = Uw − z˙
Drag and inertia coecients were determined for each incident wave frequency by
calculating a residual combined inertia and drag force (Fres) after accounting for body,
gravity, buoyancy and wave excitation forces:
Fres = z¨(mf +mc)− g(mf −mc) + Fbuoy + Fkz (6.12)
Ordinary and weighted least square methods were used to determine the coecients
Cd and Cm, by minimising the error between the predicted and the measured residual
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forces. Both least squares best t methods have been used in the experimental study
of wave and current forces on cylindrical structures, for example by Wolfram et al. [95]:
Cm =
∑
FresmdU˙
∑
U4A2 −∑FresA |U |U∑ U˙mdA |U |U∑
m2dU˙
2
∑
U4A2 − (∑ U˙mdA |U |U)2 (6.13)
Cd =
∑
FresA |U |U
∑
m2dU˙
2 −∑FresmdU˙∑ U˙mdA |U |U
0.5ρ
[∑
m2dU˙
2
∑
U4A2 − (∑ U˙mdA |U |U)2] (6.14)
The above representation of the Morison equation assumes that the standard devi-
ation of the error is constant for all of the predictor variables. In reality, the variation
of force with each of the variables A |U |U and mdU˙ is not constant, and so the as-
sumption in the above equations is not valid. To account for the apparent variation,
each force term is weighted by a factor wi:
Cm =
∑
wiFresmdU˙
∑
wiU
4A2 −∑wiFresA |U |U∑ ˙wiUmdA |U |U∑
wim
2
dU˙
2
∑
wiU4A2 − (
∑
wiU˙mdA |U |U)2
(6.15)
Cd =
∑
wiFresA |U |U
∑
wim
2
dU˙
2 −∑wiFresmdU˙∑wiU˙mdA |U |U
0.5ρ
[∑
wim
2
dU˙
2
∑
wiU4A2 − (
∑ ˙wiUmdA |U |U)2] (6.16)
As the weighting factor is proportional to the variance of the values (wi ∝ σ−2),
these terms can be made equal as a rst approximation, such that:
wi = σ
−2
i =
n− 1
n∑
i=1
(Fres,i − Fres)2
(6.17)
At each incident wave frequency, the determined coecients were included in the
equation of motion as inertia force (z¨Cmmd), wave-eld inertia force (CmmdU˙w) and
drag force (0.5ρCdA |U |U) contributions. Rearranging in terms of the oat acceleration
(z¨) and including the Froude-Krylov force approximation to wave excitation (Equation
6.10) leads to an equation which was solved using a 4th-order Runge-Kutta method:
z¨ =
g (mf −mc)− Fbuoy − 0.5ρCdA |U |U − CmmdU˙w − Fkz
(mf + Cmmd +mc)
(6.18)
The drag coecients obtained by the weighted least squares method vary from 0.6
to 854.0 in absolute terms over the frequency range 0.5 Hz to 1.5 Hz. The inertia coef-
cients vary from 0.1 to 23.5 over the same frequency range (Figure 6.18). In Section
6.3.5 it will be shown that although the ranges of these two coecients are large, the
largest coecient values are associated with small drag and inertia forces that have a
minimal overall eect to the system. Positive coecient values were used in the model
to assist calculation convergence. Despite the variation in the weighted least squares
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coecient values, the ratio of predicted to measured oat displacement amplitudes is
in the range 0.9zm < zp < 1.6zm (Figure 6.19). One large oat displacement amplitude
(zp > 2.0zm) was simulated using unweighted drag and inertia coecients at f = 0.844
Hz. This corresponds with a lower calculated drag coecient equal to Cd = 13.3, com-
pared to the drag coecients calculated at adjacent wave frequencies. The frequency
variation of coecient values and the proximity of predicted to measured oat displace-
ment amplitudes, suggest that the single degree-of-freedom model could be modied.
By using larger drag coecients at low wave frequencies, it may be possible to obtain
a better representation of the additional damping arising from observed surge motions
of the oat.
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Figure 6.18: Variation of absolute (a) inertia and (b) drag coecients with regular
incident wave frequency. Coecient values are calculated using ordinary and weighted
least squares methods over ten oat displacement cycles (blue triangle and black circle
markers respectively)
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Figure 6.19: Variation of the calculated ratio of predicted to measured oat displace-
ment amplitudes with regular incident wave frequency. Refer to Figure 6.18 for assigned
marker denitions
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6.3.5 Comparison between Linear and Non-Linear Force Pa-
rameters
So far in this chapter, the implementation of dierent combinations of linear and non-
linear force parameters in a time domain model has been studied. The aim of this
has been to determine which combination of parameters is most suitable to repre-
sent the complex hydrodynamic mechanisms associated with wave-eld forcing of a
mechanically undamped wave energy device. In this section, linear and non-linear pa-
rameters for excitation force, damping force and added mass are compared. For all of
the calculations associated with the non-linear parameters, the immersed volume and
cross sectional area of the oat at equilibrium are used. Quantities for wave-eld ac-
celeration and velocity are calculated using the Hilbert transform of values, which are
then averaged over the determined steady-state interval. The calculated linear values of
diraction force (Fd) are of the same order as the scattered non-linear wave inertia force
values (Finw = CmρV (z)U˙w) for the entire analysed frequency range (Figure 6.20(a)).
Over the same wave frequency range, the non-linear Froude-Krylov force quantities
(Fkz) are slightly higher than the linear diraction force values. This dierence may
explain the marginally poorer agreement with the measured irregular wave-eld re-
sponse when a non-linear wave force approximation was used in Section 6.3.3. Added
mass values from both linear and non-linear approaches are less comparable (Figure
6.20(b)). Similarly, damping values obtained from linear simulations are mostly lower
than those calculated using frequency-dependent drag coecients (Figure 6.20(c)). The
disparity between linear predictions of oat response and measured oat responses is
in part due to the underestimation of the damping and inertia experienced by the oat.
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Figure 6.20: Variation of calculated linear (solid lines) and non-linear force parameters
(triangle and circle markers; refer to Figure 6.18) with regular incident wave frequency;
(a) excitation and wave-eld inertia forces, (b) added mass parameters and (c) damping
or drag forces. In (a) Froude-Krylov force values are shown as red diamond markers
Focusing on the apparent disparity between non-linear and linear damping forces,
experimentally determined drag force values (0.5ρACd|U |U) are up to 150 times higher
than radiation damping force values (RU). Whilst closer agreement can be seen at
higher frequencies, for example at f = 1.5 Hz, use of linear radiation damping values
will underestimate the total drag force experienced by the oat. This was demonstrated
in Section 6.3.2.1 for a time domain model which included linear regular wave-eld
forcing and hydrodynamic parameters based on WAMIT simulations. Instead of using
arbitrary levels of additional damping in the time domain model in order to achieve
closer agreement with measured responses, there is scope to include a drag force con-
tribution based on experimentally determined drag coecients.
Ratios of predicted to measured oat displacement amplitudes for the non-linear
model studied in Section 6.3.4 are close to unity (within 0.85zm ≤ zp ≤ 1.15zm) for
various incident wave frequencies, including at f = 0.844 Hz. Using the drag coe-
cients which correspond to close predictions in the non-linear model, improvements to
the linear model predictions reported in Section 6.3.2.1 are possible through replacing
the radiation damping term in Equation 6.8 with a non-linear drag force contribution
(0.5ρCdA |U |U). For example at f = 0.844 Hz, the ratio of predicted to measured oat
displacement amplitudes reduces from zp = 2.76zm to zp = 1.12zm when the non-linear
drag term is applied to the linear model (Figure 6.21(a)). If the same drag coecient
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is used to apply the non-linear drag force at neighbouring wave frequencies, then closer
agreement with measured response amplitudes can be achieved; for example at f =
0.813 Hz ratios reduce from zp = 3.42zm to zp = 1.46zm. Similar improvements to the
linear model predictions of irregular wave-eld response reported in Section 6.3.2.2 are
possible using a non-linear drag force contribution instead of one based on radiation
damping (Figure 6.21(b)). Simulated response amplitudes are also reduced if the non-
linear drag force term is used in the Froude-Krylov excitation force model introduced
in Section 6.3.3 (Figure 6.21(c)).
It is likely that dierent drag coecients would have to be used for simulating the
response of the device at dierent incident wave frequencies. The coecients could
be selected based on the proximity of the incident wave frequency to close predictions
of response plotted in Figure 6.19. It may be possible to improve both regular and
irregular wave-eld response predictions further by adjusting the level of inertia in the
simulated system. This may account for the apparent disparity between the radia-
tion added mass obtained from linear simulations and non-linear quantities based on
inertia coecients. However, this modication is beyond the scope of the current study.
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Figure 6.21: Time-varying measured (thick black line) and predicted (thick dashed
red line) oat responses of an isolated device subjected to (a) a regular wave-eld
of frequency f = 0.844 Hz, (b) the irregular wave-eld response studied in Section
6.3.2.2 and (c) the irregular wave-eld response studied in Section 6.3.3. In all cases,
simulated responses using a non-linear drag force term (0.5ρCdA |U |U) based on the
the calculated drag coecient at f = 0.844 Hz are included as a thick green dashed
line. This drag force term replaces a linear force term based on radiation damping
obtained from WAMIT simulations
6.4 Summary
In this chapter, several comparisons have been made between experimentally measured
and numerically simulated responses of a mechanically undamped wave energy device.
The numerical models used have included a variety of linear and non-linear repre-
sentations of wave-eld forcing and hydrodynamic loads. To assess the suitability of
time-averaged predictions of response using frequency-dependent quantities of dirac-
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tion force, radiation damping and radiation added mass, comparisons were made with
experimentally measured responses of ve closely spaced round-ended oats. Compar-
isons were also made between the simulated and the measured responses of isolated
round-ended and at-bottomed oat geometries. Despite adequate agreement at most
wave frequencies, it was found that the maximum simulated responses were mostly over-
predicted by the linear simulations, necessitating the inclusion of additional damping
in the model. Initial comparisons between the two approaches are reported in a con-
ference paper [82], and further details regarding the linear frequency domain-based
simulation method used are reported in [10].
A time-varying model of an isolated oat at one equilibrium draft subjected to regu-
lar waves has been developed for comparison with experimentally measured responses.
Linear frequency-dependent hydrodynamic parameters, such as diraction force, ra-
diation added mass and radiation damping from frequency domain-based WAMIT sim-
ulations were used in one version of the model. This model is not fully-linear as it
includes the time variation of buoyancy force experienced by the oat. For most of
the incident wave frequencies analysed, oat displacement amplitudes were generally
over-predicted. Improved agreement with the experimentally measured responses was
possible if additional hydrodynamic damping is applied to the oat. In the absence of
wave-eld forcing, close agreement between the simulated and measured free responses
of an isolated oat also required the adjustment of damping and added mass in the
model. For regular waves of the same oscillation frequency, the resulting hydrodynamic
quantities dier from those calculated by WAMIT. When the oat is undergoing large
displacements it will experience dierent hydrodynamic and hydrostatic forcing than
what is assumed in linear, regular wave analysis.
When the response of a device subjected to a ve component irregular wave-eld
is simulated using linear diraction force, radiation added mass and radiation damp-
ing parameters from WAMIT, oat displacement amplitudes are similarly over-predicted.
Subtle improvements can be made if the irregular wave-eld force term includes more
than ve sets of frequency domain parameters. Use of the Froude-Krylov approxi-
mation to wave-eld forcing generally over-predicts the device response amplitudes to
a slightly greater extent. This implies that the use of non-linear wave-eld forcing
in conjunction with linear hydrodynamic terms is less suitable than the use of lin-
ear diraction force coecients from WAMIT simulations. When using experimentally
determined drag and inertia coecients to calculate the non-linear time variation of
drag and inertia forces, there was considerable scatter in the frequency variation of
simulated oat displacement amplitudes. This is mainly due to the way in which the
coecients were obtained: by minimising the error between the Morison equation and
the measured residual force. However, for certain wave frequencies close agreement
between predicted and measured oat displacement amplitudes was achieved. Using a
particular drag coecient at one such frequency, it was found that time domain pre-
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dictions of response based on linear hydrodynamic parameters (including diraction
force, radiation damping and radiation added mass) could be improved by replacing
the radiation damping term in the model with a non-linear drag force term. Compared
to the other combinations of linear and non-linear force terms, this approach (reported
in Section 6.3.5) yields the greatest agreement between the simulated and measured
response of a device subjected to an irregular wave-eld and two regular wave-elds.
This approach was initiated by investigating the apparent disparity between linear ra-
diation damping force values and non-linear drag force values. Further improvements
may be possible by incorporating non-linear inertia force contributions in the model,
but this is beyond the scope of the current study.
The widely used frequency domain method of predicting time-varying irregular
wave response as the linear superposition of regular wave response was evaluated using
one irregular sea state. This wave-eld was generated from ve components of equal
amplitude and with frequencies from within the range that caused linear steady-state
oat responses in regular waves. Using wave amplitudes from the fast Fourier trans-
form of the irregular wave-eld and mean regular wave response amplitude ratios, oat
displacement predictions of an isolated device overestimated response magnitudes, on
average by 8%. A similar average over-prediction of irregular wave response (4%)
was obtained using a time domain approach in which the oat displacement ampli-
tude in each half-cycle of an irregular wave-eld was interpolated from regular wave
steady-state responses. However, these average over-predictions do not reect the
time-varying scatter of predicted to measured oat displacement ratios (ranging from
0.63zm ≤ zp ≤ 1.6zm for the single device). Both the frequency and time domain
approaches demonstrate that oat displacement amplitude predictions based on linear
approximations are close to measured values on average over the tested wave-eld. The
time domain approach has highlighted the short-term inuence of wave-eld frequency
and amplitude variability on response. Comparisons have also been made between the
response of two oats at two separation distances in order to compare the inuence of
hydrodynamic interactions on individual device response. These measurements provide
a data set for comparison to numerical response predictions of arrays of heaving oats
in irregular waves and feature in a conference paper by the author [93].
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Chapter 7
Conclusions and Suggestions for
Future Research
7.1 Conclusions
The following are conclusions arising from the experimental modelling and simulations
carried out during the research of a wave energy converter (WEC) design called the
`Manchester Bobber'. A small-scale (1:70) model of the proposed design was subjected
to a variety of wave conditions using the University of Manchester's wide wave ume.
The majority of testing has been based on a unique oat geometry comprising: a at
base; rounded bottom edge; straight sides; inclined upper surface and stem. Measured
responses were used to assess the performance of the device in the context of power
output in operating conditions and survivability in large amplitude waves. Selected
experimental measurements were also compared to numerical simulations of response.
7.1.1 Mechanically Undamped Responses
Motivated by initial comparisons between linear predictions of response and experi-
mentally measured responses of ve mechanically undamped round-ended oats, dis-
crepancies between calculated response amplitude ratios at particular wave frequencies
were investigated. Extensive testing in various regular wave conditions has determined
that steady-state oat responses can only be classed as linear and limited to one mode
of motion for a certain wave frequency and amplitude range. Beyond this there is
non-linear variation of device response with incident wave amplitude and other modes
of oat motion occur, the latter being governed mainly by the incident wave frequency.
Measured device responses in large amplitude waves suggest that the at-bottomed
oat geometry may be suitable in the context of full-scale device survivability. This
capability would require the alteration of the oat draft through changes to the oat
mass or counterweight mass. Distinct non-linear responses resulting from additional
hydrodynamic damping on the upper oat surface through overtopping have been mea-
sured in these wave conditions. Experimental testing has shown that the inuence of
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device separation distance on the hydrodynamic interactions between two devices is
less than what was predicted by Babarit et al. [6]. This is probably due to the design
of the small-scale WEC models used in the study, in which the oat is unrestrained
in surge allowing the time variation of spatial position. It is likely that the use of
a larger separation distance increment would result in a clearer relationship occurring
between the device separation distance and the inuence of hydrodynamic interactions.
Time and frequency domain analysis techniques have shown that mechanically un-
damped steady-state regular wave responses can be used to predict the short-term
irregular wave-eld behaviour of the same device for long period wave cycles. The
level of agreement is largely dependent on the stability of the wave-eld and the de-
vice response time history; suggesting that the time required for response transients
to disappear is an important factor. These are issues which tend not to be addressed
in time-averaged numerical simulations of irregular wave-eld response which use the
superposition of regular wave responses. Comparisons have been made between exper-
imental measurements and time domain simulations of an isolated device undergoing
free decay oscillations and regular and irregular wave-eld forcing. In one version of
the time domain model, hydrodynamic drag and inertia parameters were implemented
in the model using experimentally determined coecients. It was found that simulated
response amplitudes, based on calculated coecients from the Morison equation, had a
scattered frequency distribution. In a more robust approach, hydrodynamic parameters
were taken from frequency domain-based simulations of response. After modifying the
added mass and damping values used in the model, close agreement with experimen-
tally measured responses was possible. Greater agreement with the measured response
of a device subjected to wave-eld forcing was achieved for certain wave conditions
by modifying the drag force term in the time domain model. In this approach, the
linear radiation damping term was replaced with a non-linear drag force, suggesting
that a non-linear approach may be more representative of the complex hydrodynamic
mechanisms involved. To conclude, the time-varying model used in this study which
resulted in the closest agreement between predicted and measured responses included
a combination of: linear diraction force; linear radiation added mass; non-linear drag
force; non-linear buoyancy force; body inertia force and gravity force terms.
7.1.2 Mechanically Damped Responses and Power Outputs
Distinct time-averaged response and power output trends have been recorded for an
isolated device and several array layouts in both regular and irregular wave-elds.
These repeatable trends are both dependent on the incident wave frequency and device
location in the array. From regular wave tests three trends are apparent: performance
commonality between array devices occurs at low frequencies; response and power out-
put attenuation at mid frequencies; and disorder of row-averaged behaviour at high
frequencies. Low power output performance of the rear array rows at certain fre-
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quencies suggests possible redundancy of these devices. In reality dierent values of
mechanical damping could be applied to each device in order to improve the overall
performance of the array [26, 11]. The clarity of these array-based trends is dependent
on how the steady-state interval is selected, as each device will reach a steady state
separately (with some row dependence).
From irregular wave-eld tests, row attenuation occurs across the tested frequency
range. Calculated interaction factors presented in this study are largely around unity,
indicating similar performance of the array layouts tested to the same number of iso-
lated devices. As these values agree with recent numerical simulations (for example by
de Backer et al. [26]), it is possible that interaction factors around unity are achievable
at full-scale. Generally the average performance of an array of closely spaced devices
tends to be greater than from the same number of widely spaced devices for low incident
wave frequencies. For high wave frequencies the opposite is found, although positive
interactions of particular devices at the front of the array are possible. Varying the
simulated level of power output on the device or the applied mechanical damping to
the oat results in notable changes to the oat motion trajectory, response amplitude
and power output. Due to the frequency change in peak response, specifying a higher
generator load does not always result in an increase in the average power output. Dur-
ing longer duration tests involving an isolated device with a high dynamometer torque
load, a change from steady heave oat motions to signicant swinging was observed for
several incident wave frequencies. This behaviour was also observed for a line of four
closely spaced devices each with a similar dynamometer torque load, suggesting that
cable supported devices are susceptible to pendulum oscillation modes.
7.1.3 Data Analysis
Since this is a mainly experimental-based research project, a large number of tests
have been carried out covering a broad range of wave conditions and device settings.
The net result of this has been a considerable amount of measured data, necessitating
the development of a number of post-processing and signal analysis methods. The
majority of data analysis has been carried out in the time domain, with two frequency
domain tools (the fast Fourier and Hilbert transforms) applied to specic tasks. The
application of the fast Fourier transform to measured data (up to 12288 values long)
has revealed that the sample length can directly inuence calculated amplitudes. For
this reason, several Matlab routines have been developed to scrutinise the measured
data on a cycle-by-cycle basis in the time domain, allowing direct user-interaction with
the data.
Two methods have been used to calculate average oat displacement amplitudes,
wave amplitudes and power outputs. One method determined an interval commencing
after the measured wave-eld in the test area was, by denition, fully developed. Under
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close investigation it became apparent that the full development of both the wave-eld
and the device response were not always synchronised. In the case of device response,
the time required for this to occur is incident wave frequency-dependent. An alter-
native and preferable method determined the interval based on when device response
transients were minimal in the recorded time-series. For low incident wave frequencies,
comparable oat displacement amplitudes were noted for both approaches, due to the
short time required for the device to reach a steady state. For analysis involving an
array of devices, an average steady-state state interval was calculated based on indi-
vidual device steady-state intervals. This approach goes some way to ensuring that the
response of all of the devices in the array is accounted for, enabling comparisons to be
made with linear simulations of harmonic response.
To enable the production of repeatable device response data that is comparable
with multiple device responses, a calibration procedure was carried out before each
test. The procedure was necessary to account for varying drivetrain friction due the
diering levels of device usage. By monitoring the deceleration of each drivetrain over
a particular velocity range, the level of applied motor current which resulted in a
required deceleration was determined. This level of current was used as an oset to
the simulated generator load in order to compensate for friction in the rotating system.
Hence subsequent tests were conducted on several calibrated devices, each possessing
the same simulated generator load. Although most device responses are normalised
by the measured wave-eld, scrutiny of regular wave amplitudes has highlighted that
waves reected from the beach can inuence low frequency incident wave-elds during
long duration tests. In the absence of force-feedback wave paddles, the analysis of the
measured data was limited to intervals occuring before reected waves could reach the
test area.
7.2 Contributions of the Research
In order for a WEC design to be an attractive nancial proposition it must perform
adequately in a wide range of realistic sea states and survive in extreme storm condi-
tions. In order to achieve this, both numerical analysis and experimental testing must
be carried out at a variety of design scales before sea trials can commence. In this
study, experimental results have been presented which go part way to fullling this
requirement and give some idea of how a full-scale device, or array of devices could
perform at sea. Partly due to scale eects and also design and cost limits, the ac-
tual full-scale design will dier in certain areas to the 1:70 scale experimental model
used for this study. Therefore the response of the full-scale system is likely to dier in
some respects, reinforcing the need to scrutinise the design at several geometrical scales.
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7.2.1 Performance of Multiple Closely Spaced Devices
Currently there is considerable interest in how wave energy converter response, and
ultimately power output, are aected by the presence of other devices in a closely
spaced array. Due to the complex nature of the hydrodynamic interactions between
multiple devices, both experimental and numerical analysis are non-trivial, especially
when the devices are subjected to irregular wave-elds. During the research project a
large number of experiments have been conducted, subjecting multiple closely spaced
devices to a wide range of regular, irregular and near-focused sea states. From some
of these tests the power output performance of the devices has been quantied and
normalised by the same number of isolated devices. Calculated interaction factors for
a variety of array layouts and oat drafts have demonstrated that under certain wave
conditions it is advantageous to place multiple wave energy devices in close proximity.
The free response of multiple devices at a range of separation distances has also been
measured to determine the inuence of hydrodynamic interactions on response. This
research will also be of interest to individuals studying the response of closely spaced
oating axisymmetric bodies. With the exception of a mooring line study by Andersen
et al. [4], as far as the author is aware this is the rst experimental study in which the
irregular wave-eld response and power output interactions of point absorber arrays
have been quantied and published. Undoubtedly tests have been carried out at a
number of scales in commercially led projects such as FO
3
Buldra, but at the time
of writing the performance data produced remains unpublished. Due to the current
lack of available experimental data, the response analysis conducted and interaction
factors calculated during this research project will provide important test cases for the
development of numerical models of multiple devices. Ultimately this will assist the
design and commercialisation of wave energy arrays.
7.2.2 Device Survivability
Experimental tests have demonstrated that by altering the oat equilibrium draft,
the measured response amplitudes of the device can be manipulated. Limiting device
displacement in large amplitude waves is of utmost importance to device developers
because excessive displacements could easily result in system damage. Measured re-
sponses using one oat geometry set at several immersion drafts suggest that this can
be achieved in large amplitude waves by allowing wave overtopping and immersion of
the inclined upper oat surface. As long as the initial equilibrium draft of the oat is
not too shallow, the response of the device appears to be self limiting. Designing the
oat geometry to limit responses in large amplitude waves is not unique to the Manch-
ester Bobber system, for example the use of a toroidal-shaped oat at the Lysekil site
[86]. Because experimental validation of this concept has not received much attention
to date, the experimental measurements reported in this study will contribute to a
greater understanding of wave energy device responses in extreme waves.
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7.2.3 Float Motion Classication
The incident wave frequency and mechanical damping dependency of oat motions in
two dimensions was investigated. The distinct oat motions paths observed will pro-
vide a useful reference for the development of numerical simulations of response, such
as the limits of validity of linear models. Large swinging type motions occurred at
certain wave frequencies for devices with large mechanical damping loads. Parametric
oscillations remain a very real problem for ocean-going vessels which could also have
serious implications for the design of cable connected wave energy devices. Drawing
on the measured responses reported in this study, the likelihood of these motions oc-
curring for a full-scale wave energy device should be investigated further.
7.2.4 Numerical Model Development
One purpose of experimental testing is to identify scaled test cases for the develop-
ment and validation of numerical models. In this study, the measured responses of an
array comprising ve round-ended oats have been compared to simulated responses
based on linear, potential ow theory. The comparison has highlighted modications
required to the linear model in order to achieve closer agreement with the measured
responses. Throughout this study, emphasis has been placed on the transient nature of
measured device responses. The time required for the device response to reach a steady
state in regular waves is demonstrably dependent on the incident wave frequency. This
important nding implies that linear harmonic simulations cannot be superposed to
predict the response of a device subjected to an irregular wave-eld. This study has
also reported the initial stages of development of a time domain model. The suitabil-
ity of implementing hydrodynamic parameters and wave-eld forcing into the model
using experimentally determined coecients and the use of parameters from frequency
domain-based simulations has been assessed. After comparing several dierent mod-
elling approaches, the time-varying model which resulted in the greatest agreement
between predicted and measured responses included a combination of: linear dirac-
tion force; linear radiation added mass; non-linear drag force; non-linear buoyancy
force; body inertia force and gravity force terms.
7.3 Suggestions for Future Research
Whilst this study has addressed a number of elds of wave energy and oating body
research, there are several topics that could be researched in the future.
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7.3.1 Wave Conditions
The regular wave conditions reported in this study provide a measure of wave energy
device performance for comparison with linear simulations of response. Such compar-
isons are useful to device developers, however, harmonic wave conditions rarely feature
in measured sea states. In principal more complex wave conditions than those re-
ported in this study can been generated in the ume, such as directionally spread and
multi-peaked spectra. Hence, there is an opportunity to study the response of devices
subjected to more realistic wave-elds, including those inuenced by wind and swell
mechanisms (for example the measured data featured in [53]). The orientation of the
array and the layout of multiple wave energy devices contained therein are two of the
main considerations required by a device developer interested in installing `farms' of
devices. In this study, experiments involving rectilinear arrays of devices have been
conducted with two angles of wave incidence, β = 0◦ and 90◦. As plane wave fronts with
interim angles up to β = 30◦ can be generated in the ume, the possible dependency
of array performance on the angle of wave incidence, as reported by various numerical
studies ([59, 81]), could be investigated experimentally. Similarly, experimental tests
involving non-equal device spacings and non-rectilinear array layouts (as simulated by
Fitzgerald and Thomas [39] and McIver [59]) could also be conducted.
7.3.2 Device Tuning
There are a number of potential approaches to broadening the power capture band-
width of a wave energy device. In this study non-optimal device responses have been
reported. Changes to the oat draft and natural frequency of the system can be
achieved through altering the oat mass or counterweight mass. This would be ben-
ecial to long-term changes in the incident wave-eld monitored some distance away
from the array location. An alternative, faster method of shifting the power transfer
function of the device to match the incident wave spectrum could be the alteration of
the generator load; to change the mechanical damping applied to the oat. Aside from
broadening the device bandwidth in the short-term, this may also provide a way of
limiting device response in large amplitude waves. However, the eectiveness of active
response control using this technique is beyond the scope of the current study and its
feasibility for a full-scale system has yet to be determined. Aspects of system control
were investigated numerically and experimentally in a parallel research project by Lok
[54].
7.3.3 Non-Linear Device Responses
Although this study has reported non-linear device responses in both irregular and
near-focused wave-elds, in order to gain a better understanding of the complex hy-
drodynamics involved, closer analysis into the observed breaking wave and overtopping
155
mechanisms is required. This will ultimately assist the development of non-linear nu-
merical models using Computational Fluid Dynamics and Smoothed Particle Hydro-
dynamics methods as well as a multiple degree-of-freedom version of the time domain
model introduced in Chapter 6. Detailed analysis would require the implementation
of experimental techniques and equipment, such as body mounted pressure sensors, a
high-speed video camera and Particle Image Velocimetry (PIV) equipment.
7.3.4 Fixed and Floating Structural Responses
The small-scale wave energy devices used in this study have been supported by a
rigid gantry structure with no surface piercing elements. The measured responses have
therefore not included the inuence of a supporting structure. If the dimensions of
surface piercing elements of the structure are of the same order as the oats, then
additional hydrodynamic interactions will occur which are caused by waves scattered
by the structure. Budal et al. [18] reported that 100% of the incident wave power may
be absorbed if a reector wall is placed behind a line of devices. Although interactions
caused by a xed structure are unlikely to cause total power absorption, it would
be interesting to determine how the response of a closely spaced array of devices is
inuenced by stationary structural elements. For a oating support structure, the
hydrodynamic interactions will be more complex, due to the possibility of multiple
degree-of-freedom motions of the structure, as studied by de Backer et al. [25]. A
mooring system between the structure and sea bed would be required to limit the spatial
variation of platform position. To ensure that the static and dynamic characteristics of
a small-scale mooring system are the same as a full-scale system, experimental testing
of a moored oating platform using the University of Manchester's ume would require
validation using a numerical model such as Orcina's OrcaFlex [65].
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Appendix A
Derivation of the Immersed Float
Volume
Referring to Figure 2.6 in Chapter 2, the immersed volume (V ) of a round-ended oat
is dependent on the immersed draft (zimm), such that:
When 0 < zimm ≤ a:
V = pi(az2imm −
z3imm
3
)
V1 =
2pia3
3
When a < zimm < h:
V2 = (zimm − a)pia2 + V1
For the at-bottomed oat geometry shown in Figure 2.6, there are several dierent
formulae for the immersed volume which are dependent on how much of the oat is
immersed:
When 0 < zimm ≤ d1:
V = pi
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V1 = pi
(
(a− d
1
)2d
1
+ 2(a− d
1
)
(
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1
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2
)
+
2d3
1
3
)
When d1 < zimm ≤ d2:
V = (z
imm
− d
1
)pia2 + V
1
V2 = (d2 − d1)pia2
When d2 < zimm ≤ d3:
gt =
(a− rs)
(d
3
− d
2
)
aw = −gt(zimm − d2) + a
V =
pi(a− gt(zimm − d2))3
−3gt −
pia3
−3gt + V1 + V2
V3 =
pi(a− gt(d3 − d2))3
−3gt −
pia3
−3gt
When d3 < zimm ≤ d4:
V = pi(z
imm
− d
3
)r2s + V1 + V2 + V3
V4 = pi(d4 − d3)r2s
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Appendix B
Procedure for the `Half-Wave-Cycle
Approach' Prediction Method
In the half-wave-cycle approach, the short-term response of a device subjected to an
irregular wave-eld was compared to the steady-state response of the same device
subject to regular wave conditions of equivalent frequency and amplitude. In the
method, the following steps were taken:
1. Firstly, the measured wave-eld was decomposed into zero down-crossing half-
cycles. Down-crossing half-cycles were used as they are associated with the main
power generation interval of the oat oscillation cycle.
2. Based on the magnitude and position in time of each wave peak and trough, an
equivalent amplitude and frequency were calculated for each half-cycle. All wave
half-cycles with equivalent amplitudes and frequencies within the tested range of
regular wave conditions (0.5 Hz ≤ f ≤ 1.5 Hz and 0.007 m ≤ arq ≤ 0.025 m)
were analysed.
3. For each wave half-cycle, if the calculated equivalent frequency was within the
determined frequency range of regular wave linear response (0.594 Hz ≤ f ≤
0.969 Hz), oat displacement amplitudes were predicted using the mean response
amplitude ratios shown in Figure 3.2(a) of Chapter 3. This is the same procedure
as reported in Section 6.2.1 of Chapter 6.
4. For wave half-cycles with frequencies outside of the frequency range of regular
wave linear response (0.594 Hz > f > 0.969 Hz), predictions for oat displace-
ment amplitudes were made by interpolating the regular wave oat displacement
amplitudes:
(a) A Delaunay triangulation-based cubic method [8] was used to interpolate
the regular wave data using the short-term irregular wave characteristics,
due to variations in the measured regular wave amplitudes and frequencies.
(b) For each irregular wave half-cycle, rather than including all of the regular
wave data in the interpolation process, only values associated with adjacent
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frequencies (∆f = 0.031 Hz) were used. This approach avoids spurious
oat displacement amplitudes from being predicted, which is possible with
an overly distorted mesh.
5. Predicted oat displacement amplitudes (zp) were then compared to measured
values (zm) for each oat response half-cycle through the use of the ratio zp/zm.
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